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ABSTRACT: Clinical studies indicate that high blood levels of leptin or matrix metalloproteinase-7 (MMP-7; matrilysin) proteins
are associated with tumor progression of human colorectal cancer (CRC). Leptin could play an important role in cell migration and
invasion of cancer cells. Our previous study indicated that lycopene could inhibit the proliferation of human colon cancer cells
in vitro. However, the inhibitory effects of lycopene on the progression of human colon cancer cells have not been demonstrated yet.
In this study, we investigated the inhibitory effects of lycopene on tumor progression including cell invasion and MMP-7 expression
in leptin-stimulated human colon cancer cells in vitro. Our results demonstrated that lycopene significantly inhibited leptin-mediated
cell invasion and MMP-7 expression in human colon cancer HT-29 cells. Lycopene could augment the expression and stability of
E-cadherin proteins. Our results showed that MAPK/ERK and PI3K/Akt signaling pathways played important roles in leptin-
mediated MMP-7 expression and cell invasion. Lycopene could effectively inhibit the phosphorylation of Akt, glycogen synthase
kinase-3f5 (GSK-33) and ERK 1/2 proteins. The molecular mechanisms of lycopene were in part through decreases in nuclear levels
of AP-1 and f3-catenin proteins. These novel findings suggested that lycopene could act as a chemopreventive agent to suppress

MMP-7 expression and leptin-mediated cell invasion in human colon cancer HT-29 cells.
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1. INTRODUCTION

Colorectal cancer (CRC) is one of the most important causes
of cancer mortality in many countries. In the United States, at
least thousands of cancer deaths are attributed to this cancer
every year." Colon carcinogenesis is featured with aberrant
regulation of tumor growth and progression. Acquisition of
several tumor-associated mutations including aberrant activation of
k-ras and Phosphatidylinositol 3-kinase (PI3K) could lead to genomic
instability.> Tt is well-known that PI3K protein and its downstream
target molecules such as Akt protein could regulate cell-cycle
progression, migration, invasion and proliferation of cancer cells.*
The mitogen activated protein kinase (MAPK)/ERK signaling
cascades activate AP-1 (c-fos and c-jun proteins) transcription factors
and regulate expression of several important genes involved in cell
proliferation, migration and invasion. Therefore, oncogenic pathways
such as PI3K/Akt and MAPK/ERK signaling cascades play important
roles in the development of CRC.?

Previous study suggests that MMP-7 proteins are mainly
expressed in colon cancer cells and strongly associated with
tumor progression.s’6 A high plasma level of leptin was correlated
with tumor progression in colon cancer patients.” ° Studies
suggest that leptin could play crucial roles in different clinical
stages of CRC.*'® Leptin is a bioactive polypeptide that is
secreted from mature adipocytes and epithelial cells, circulates
as a 16 kDa protein partially interacting with plasma proteins, and
contributes its actions through specific receptors (ObR) by
different mechanisms.''* In physiological status, leptin controls
the balance of normal body weight through the regulation of food
intake and other biological activities."® In pathological circum-
stances, leptin is identified as a mitogen and associated with the
development of intestinal malignancy.” Leptin could also induce
tumor angiogenesis and tumor progression of several types of
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cancer."*'® Overexpression of leptin and ObR has been demon-
strated in several types of human cancer including colorectal
cancer.®'*'¢ Previous studies indicated that leptin significantly
activated the PI3K/Akt signaling pathway in several types of
human cancer cells."” > Leptin also mediated cell migration and
invasion through activation of PI3K and Src kinase pathways in
metastatic colon cancer LS174T and HM7 cells.”! Invasion of
colon cancer cells into the surrounding microenvironment
occurs through the activation of several matrix metalloprotei-
nases (MMPs).”> MMPs degrade extracellular matrix and create a
microenvironment supgorting maintenance of tumor angiogenesis,
growth and metastasis.”> Studies demonstrated that expression of
MMP genes including MMP-2, MMP-7 and MMP-9 is modulated
by extracellular §r0wth factors and proinflammatory cytokines in
cancer cells.”*** Clinical studies suggested that increase in expres-
sion of MMP-7 is associated with cancer recurrence, poor prognosis
and low survival rate in colorectal cancer patients.> Studies
demonstrated that increases in nuclear levels of AP-1 and [3-catenin
transcription factors could modulate the expression of MMP-7,
-Myc, and cyclin D1 genes.*** A correlation between 3-catenin and
MMP-7 overexpression was also observed in several types of
cancer.*”® Moreover, activation of the PI3K signaling pathways
could augment nuclear levels of 3-catenin proteins through inactiva-
tion of GSK-3f activity and reduction of ubiquitin-dependent
degradation of B-catenin.”” Therefore, activation of PI3K/Akt
cascades could lead to the translocalization of f-catenin from
cytoplasm to nucleus where f-catenin functions as a coactivator
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Figure 1. Lycopene inhibited leptin-mediated cell invasion in human colon cancer cells. The invasion of tumor cells was analyzed in Transwell Boyden
chambers with a polyvinyl/pyrrolidone-free polycarbonate filter of 8 m pore size. Each filter was coated with 50 4L of a 1:5 diluted Matrigel in cold
McCoy’s medium to form a thin continuous layer on the top of the filter. Confluent human colon cancer cells (HT-29, SW-480 and HCT-116) were
cultured in McCoy’s medium with 10% fetal bovine serum at 37 °C. After washing out the medium, colon cancer cells were trypsinized, prestained with
calcein AM and transferred to Matrigel coated Transwell Boyden chambers. Human colon cancer cells (5,000 cells/well) were added to each of triplicate
wells in McCoy’s medium containing leptin at concentrations of either 1.25 nM (A) or 250 nM (B) in the presence or absence of various concentrations
of lycopene (0, 0.1, 0.5, 1, and 2 #M). After incubation for 18 h, cells were counted as described above, and the number of cells invading the lower side of
the filter was measured as invasive activity. Figures represent the level of invasion index. Different letters represent statistically significant difference,
p < 0.0S. The data shown are representative of three independent experiments.

for transcription factors such as T-cell factor/lymphoid enhancing
factor (TCF/LEF) family.”’”

Epidemiologic studies reported significant inverse correlations
between tomato consumption and colon cancer risk for men and
women.”® 3 Lycopene, a major component in tomato, exhibited
potential anticarcinogenesis activity in many types of cancer.” >
Our previous study demonstrated that lycopene could inhibit PI3K/
Akt signaling pathways and have anticancer effects on human colon
cancer HT-29 cells.***” However, the chemopreventive effects of
lycopene on MMP-7 expression and leptin-mediated cell invasion in
human colon cancer cells have not been demonstrated yet. In this
study, we examined the molecular mechanisms of lycopene during
tumor progression including increased expression of MMP-7 and
cell invasion in human colon cancer cells.

2. MATERIALS AND METHODS

Reagents and Antibodies. Antiphosphorylation GSK-33, antipho-
sphorylation 3-catenin, antiphosphorylation ERK 1/2, antiphosphorylation

11305

Akt, antiphosphorylation p38, antiphosphorylation c-Jun, anti-MMP-7,
anti-f3-catenin, anti-c-Fos, anti-c-Myc and anti-lamin A/C antibodies were
purchased from Cell signaling Technology Inc. (Danvers, MA). Anti-
ERK1/2, anti-p38, anti-Akt and anti-GSK-3/ antibodies were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). McCoy’s medium
and calcein AM were purchased from Invitrogen Inc. (Carlsbad, CA). Anti-
P-actin antibody, AG 490 (JAK inhibitor), SP600125 (JNK inhibitor),
PD098059 (MEK inhibitor), Wortmannin (PI3K inhibitor), SB 203580
(p38 inhibitor) and Ipegal CA-630 were purchased from Sigma (St. Louis,
MO). Human leptin recombinant protein was purchased from R & D
Systems, Inc. (Minneapolis, MN). Human colon cancer HT-29, SW-480
and HCT-116 cell lines were purchased from American Type Culture
Collection (Walkersville, MD). NE-PER Nuclear and Cytoplasmic Extract
reagent Kit was purchased from Pierce Biotechnology (Rockford, IL).
Cell Culture. Briefly, human colon cancer cells were cultured in a 37 °C
humidified incubator with 5% CO, and grown to confluency using fetal
bovine serum (FBS) supplemented media. Medium was supplemented with
10% heat-inactivated FBS, 2 mM L-glutamine and 1.5 g/L sodium bicarbo-
nate. Cells used in different experiments have similar passage numbers.
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Figure 2. Continued
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Figure 2. Continued

Preparation of Cell Lysates. Human colon cancer cells were
cultured in cell culture media in the presence or absence of lycopene at
different concentrations. At the end of experiment, human colon cancer
cells were washed with phosphate buffered saline (PBS) twice and then
lysed in ice-cold lysis buffer. Lysis buffer contains 1x PBS, 1% Ipegal
CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)
with 100 uM of phenylmethylsulfonyl fluoride (PMSF), aprotinin and
specific phosphatase inhibitors, sodium orthovanadate. The cell lysates
were sonicated and then centrifuged at 10000g for 15 min at 4 °C to
remove cell debris, and the supernatants were referred to as whole cell
lysates.

Nuclear and cytoplasmic fractions from cells were prepared by using
NE-PER nuclear and cytoplasmic extract reagent kit containing protease
inhibitor and phosphatase inhibitors. Cross contamination between
nuclear and cytoplasmic fractions were barely found (data not shown).

Western Blotting Analysis. Cytoplasm proteins were fractio-
nated on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS—PAGE), transferred to nitrocellulose membrane, and blotted
with anti-MMP-7 monoclonal antibody, according to the manufacturer’s
instructions. The blots were stripped and reprobed with S-actin antibody as

loading control. Protein levels of phosphorylation ERK 1/2, phosphoryla-
tion p38, phosphorylation GSK-3 and phosphorylation f3-catenin were
measured by using the same procedure described above.

Nuclear proteins were also fractionated on 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS—PAGE), transferred to
nitrocellulose membrane, and blotted with anti-(3-catenin monoclonal
antibody, according to the manufacturer’s instructions. The blots were
stripped and reprobed with Lamin A/C antibody as loading control.
Protein levels of c-Fos, phosphorylation c-Jun and c-Myc were measured
by using the same procedure described above.

Casein Zymography. Casein zymography was performed for
control, leptin and lycopene treatment groups as follows. Gel were
polymerized with 0.1% casein. For each sample, an equal amount of
protein (100 ug) was loaded. Electrophoresis was carried out using the
minigel slab apparatus Mini Protean 2 (Biorad) at a constant voltage of
150 V, until the dye reached the bottom of the gel. Following electro-
phoresis, gels were washed in renaturation buffer (2.5% Triton X-100 in
S0mM Tris—HCI (pH 7.5)) for 1 hin an orbital shaker. The zymograms
were incubated for 24 h at 37 °C in incubation buffer (0.15 M NaCl,
10 mM CaCl,, 0.02% NaNj in 50 mM Tris—HCI (pH 7.5)). Gels were
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Figure 2. Lycopene differentially inhibited leptin-mediated MMP-7 expression in human colon cancer cells. Human colon cancer cells, cultured in
McCoy’s medium with 10% FBS in a tissue culture dish, were lifted off by trypsinization, pelleted by centrifugation, and resuspended in the same
medium. After washing out the medium, human colon cancer cells were incubated in McCoy’s medium with 10% FBS in a tissue culture dish with leptin
at concentrations of either 250 nM (A, B) or 1.25 nM (C, D) for 18 h in the presence or absence of various concentrations of lycopene (0, 0.5, 1, and
2 uM). Total cell lysates were blotted with anti-MMP-7 antibody as described in Materials and Methods. The levels of detection in cell lysates represent
the amount of MMP-7 in human colon cancer cells. The blots were stripped and reprobed with anti-actin antibody as loading control. The
immunoreactive bands are noted with arrows (A, C). The densitometric analyses are shown in B, D. Different letters represent statistically significant
difference among different groups, p < 0.0S. The data shown are representative of three independent experiments. Conditioned medium was collected
and loaded into casein-containing zymogram gel. The gel was stained with coomassie blue stains as described in Materials and Methods. The levels of
detection represent the zymogen expression of MMP-7 in human colon cancer HT-29 cells. The zymogen bands are noted with arrows (E). The
densitometric analyses are shown at the bottom panels (E). Different letters represent statistically significant difference among different groups, p < 0.0S.
Post confluent colon cancer cells cultured on Tek chambers were incubated in McCoy’s medium with 10% FBS at 37 °C. After washing out the media,
colon cancer HT-29 cells were incubated in McCoy’s medium in the presence of leptin at concentrations of either 250 nM (F) or 1.25 nM (G) at 37 °C
for 18 hiin the presence or absence of various concentrations of lycopene (0, 0.5, 1, and 2 #M). Imaging was documented at 1000 X magnification. Green
fluorescence area represents distribution of E-cadherin adherent junction molecule in human colon cancer HT-29 cells stained with monoclonal
antibody. Blue fluorescence area represents the location of cell nuclei stained with 4,6-diamidino-2-phenyindole (DAPI) (F, G). Human colon cancer
HT-29 cells were incubated in McCoy’s medium with 10% FBS in a tissue culture dish with leptin at either concentrations of 250 nM or 1.25 nM (H) for
18 h in the presence or absence of various concentrations of lycopene (0, 0.5, 1, and 2 uM). Total cell lysates were blotted with anti-E-cadherin antibody
as described in Materials and Methods. The levels of detection in cell lysates represent the amount of E-cadherin in human colon cancer HT-29 cells. The
blots were stripped and reprobed with anti-actin antibody as loading control. The immunoreactive bands are noted with arrows (H). The densitometric
analyses are shown at the bottom panels (H). Different letters represent statistically significant difference among different groups, p < 0.0S. The data
shown are representative of three independent experiments.
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Figure 3. Leptin-mediated expression of MMP-7 and cell invasion in human colon cancer HT-29 cells was in part through MAPK/ERK and PI3K/Akt
signaling pathways. Human colon cancer cells, cultured in McCoy’s medium with 10% FBS in a tissue culture dish, were lifted off by trypsinization,
pelleted by centrifugation, and resuspended in the same medium. After washing out the medium, human colon cancer cells were incubated in McCoy’s
medium with 10% FBS in a tissue culture dish with different concentration of leptin (0, 250 nM) for 18 h in the presence of different inhibitors (AG490,
SP600125, PD098059, wortmannin, SB203580). Total cell lysates were blotted with anti-MMP-7 antibody as described in Materials and Methods. The
levels of detection in cell lysates represent the amount of MMP-7 in human colon cancer cells. The blots were stripped and reprobed with anti-actin
antibody as loading control. The immunoreactive bands are noted with arrows (A). The densitometric analysis is shown at the bottom panels (A).
Statistical results represent the level of MMP-7. Different letters represent statistically significant difference among different groups, p < 0.05. The data
shown are representative of three independent experiments. Conditioned medium was collected and loaded into casein-containing zymogram gel. The
gel was stained with coomassie blue stains as described in Materials and Methods. The levels of detection represent the zymogen expression of MMP-7 in
human colon cancer HT-29 cells. The zymogen bands are noted with arrows (B). The densitometric analysis is shown at the bottom panels (B).
Different letters represent statistically significant difference among different groups, p < 0.0S. The data shown are representative of three independent
experiments. The invasion of tumor cells was analyzed in Transwell Boyden chambers with a polyvinyl/pyrrolidone-free polycarbonate filter of 8 um
pore size. Each filter was coated with S0 uL of a 1:5 diluted Matrigel in cold McCoy’s medium to form a thin continuous layer on the top of the filter.
Confluent human colon cancer HT-29 cells were cultured in McCoy’s medium with 10% fetal bovine serum at 37 °C. After washing out the medium,
colon cancer cells were trypsinized, prestained with calcein AM and transferred to Matrigel coated Transwell Boyden chambers. Human colon cancer
cells (5,000 cells/well) were added to each of triplicate wells in McCoy’s medium containing leptin at concentrations of 250 nM in the presence of
wortmannin or PD098059 (20 #M). After incubation for 18 h, cells were counted as described above, and the number of cells invading the lower side of
the filter was measured as invasive activity. Figures represent the level of invasion index (C). Different letters represent statistically significant difference
among different groups, p < 0.05. The data shown are representative of three independent experiments.

then stained with Coomassie blue and destained with 7% methanol and X-100 in PBS for 10 min, blocked with 1% bovine serum albumin
5% acetic acid. Areas of catalytic activity appeared as clear bands over the (BSA)/PBS for 1 h, and then incubated at room temperature for 1 h with
dark background. anti-E-cadherin primary antibody at 1:50 in blocking solution. At the end
Quantum Dot Based Immunofluorescence. Human colon of incubation, cells were washed with PBS and incubated with quantum
cancer cells, cultured in McCoy’s medium with 10% FBS in a tissue dot (Qdot) 525 secondary antibody for another 1 h in 1.5% BSA/PBS.
culture dish, were lifted off by trypsinization, pelleted by centrifugation, Images (1000x ) were acquired on an Olympus BX-51 microscope using
and resuspended in the same medium. Cells were cultured on a glass the Olympus DP-71 digital camera and imaging system.
8-well Tek Chamber and stimulated with leptin at either 1.25 or 250 nM. Assessment of Cell Invasion. The invasion of tumor cells was
Leptin-stimulated colon cancer cells were treated with various concen- analyzed in Transwell Boyden chambers with a polyvinyl/pyrroli-
trations of lycopene (0, 0.5, 1, and 2 uM) for 24 h. At the end of the done-free polycarbonate filter of 8 um pore size. Each filter was
experiment, cells were fixed in 4% paraformaldehyde in 20 mM of coated with 50 L of a 1:5 diluted Matrigel in cold McCoy medium to
HEPES and 150 mM of NaCl for 20 min, permeabilized in 0.01% Triton form a thin continuous film on the top of the filter. Human colon
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cancer cells prestained with calcein AM and treated with lycopene
were added to each of triplicate wells in McCoy medium (5,000 cells/
well). To examine the molecular mechanisms, cells were treated with
wortmannin or PD098059 at concentrations of 20 uM, respectively.
After incubation for 18 h, cells in ten randomly selective fields were
counted on an Olympus IX-71 inverted fluorescence microscope.
The number of cells invading the lower side of the filter was measured
as invasion activity (invasion index).

Electrophoresis Mobility Shift Assay (EMSA). Human colon
cancer HT-29 cells were treated with leptin (1.25 and 250 nM) in the
presence of lycopene (0.5, 1, and 2 uM). The cell lysates were sonicated
and then centrifuged at 10000g for 15 min at 4 °C to remove cell debris,
and the supernatants were referred to as whole cell lysates. Nuclear and
cytoplasmic fractions from cells were prepared by using NE-PER nuclear
and cytoplasmic extract reagent kit containing protease inhibitor and
phosphatase inhibitors. Cross contamination between nuclear and
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Figure 4. Lycopene modulated phosphorylation levels of ERK 1/2, Akt, GSK-33 and f3-catenin in leptin-stimulated human colon cancer
HT-29 cells. Human colon cancer cells were incubated in McCoy’s medium with 10% FBS in a tissue culture dish with leptin at either
concentrations of 250 nM (A, B) or 1.25 nM (C, D) for 1 h in the presence or absence of various concentrations of lycopene (0, 0.5, 1, and
2 uM). Total cell extracts were blotted with anti-p-ERK 1/2 antibody as described in Materials and Methods. The levels of detection in total
cellular extracts represent the amount of phosphorylated ERK 1/2 in human colon cancer cells. Protein levels of p-p38, p-Akt, p-GSK-3f and
p-f-catenin were measured by using the same procedure described above. The Western blotting analyses were performed by using individual
total protein (ERK1/2, p38, Akt, GSK-3f3, and f3-catenin) antibody as loading control. The immunoreactive bands are noted with arrows
(A, C). The densitometric analyses are shown in B, D. Statistical results represent the level of phosphorylation proteins under the treatment of
leptin at either 250 nM (B) or 1.25 nM (D). Different letters represent statistically significant difference among different groups, p < 0.05.
The data shown are representative of three independent experiments.
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Figure S. Lycopene reduced nuclear levels of AP-1, 3-catenin and c-Myc proteins in leptin-stimulated human colon cancer HT-29 cells. Human colon
cancer cells were incubated in McCoy’s medium with 10% FBS in a tissue culture dish with leptin at either concentrations of 250 nM (A, B) or 1.25 nM
(C, D) for 1 h in the presence or absence of various concentrations of lycopene (0, 0.5, 1, and 2 #M). Total nuclear extracts were blotted with anti-{3-
catenin antibody as described in Materials and Methods. The levels of detection in nuclear extracts represent the amount of 3-catenin in human colon
cancer cells. Protein levels of c-Fos, p-c-Jun and c-Myc were measured by using the same procedure described above. The blots were stripped and
reprobed with anti-lamin A/C antibody as loading control. The immunoreactive bands are noted with arrows (A, C). Statistical results represent the level
of phosphorylation proteins under the treatment of leptin at either 250 nM (B) or 1.25 nM (D). Different letters represent statistically significant
difference among different groups, p < 0.05. The data shown are representative of three independent experiments. Human colon cancer cells were
incubated in McCoy’s medium with 10% FBS in a tissue culture dish with leptin at either concentrations of 250 nM (E) or 1.25 nM (F) for 1 h in the
presence or absence of various concentrations of lycopene (0, 0.5, 1, and 2 #M). EMSA were performed using HT-29 nuclear extracts and dsDNA
harboring a consensus site for TCF or AP-1 binding sequences. B1 indicates the transcription factor protein complex with biotinylated DNA probes.

cytoplasmic fractions were not found (data not shown). EMSA was
performed using S ug of nuclear extracts and mixed with biotin-
labeled dsDNA oligonucleotide probes (labeled TCF sequences or
labeled AP-1 sequences). Labeled TCF sequences (5" — 3'):
GCAAAATCCTTTGAAAGACAAATCCCTCTCCTT. Labeled
AP-1 sequences (5" — 3/): CGCTTGATGACTCAGCCGGAA.
The reaction mixtures were resolved on a 6% nondenaturing
polyacrylamide gel in Tris borate—EDTA buffer at 250 V for 30
min. At the end of gel electrophoresis, gels were transferred to
membrane to visualize the shifts bands that correspond to the
protein/DNA complexes.

Statistical Analysis. The biostatistic methodology was used to
determine the difference in the cell invasion among experimental
sets of human colon cancer cells. In brief, statistical analyses of the
differences in invasive capability among triplicate sets of experi-
mental conditions were performed using SYSTAT software. Con-
firmation of difference in invasion index as being statistically
significant requires rejection of the null hypothesis of no difference
between mean invasion indices obtained from replicate sets at the
P = 0.0S level with the one way ANOVA model. Post hoc test was
used to determine differences among different groups.

3. RESULTS

Lycopene Inhibited Leptin-Mediated Cell Invasion in Human
Colon Cancer Cells. Previous studies indicated that cell invasion
played an important role in the metastasis of human CRC. High
plasma levels of leptin were associated with tumor progression of
CRC. Therefore, we examined the effect of leptin on cell invasion of
human colon cancer cells (HT-29, HCT-116 and SW-480 cells) in
this study. To investigate the molecular mechanisms of leptin, CRC
cell lines were treated with either low (1.25 nM) or high (250 nM)
concentration of leptin in this study. These human colon cancer cells
have different subtypes of oncogenic mutations. Human colon
cancer HT-29 cells had a PI3K mutation. SW-480 cells were mutated
atk-ras oncogene. HCT-116 cells had a double mutation of k-ras and
PI3K oncogenes. Leptin significantly induced cell invasion of human
colon cancer cells (HT-29, HCT-116 and SW-480 cells) at con-
centrations of 1.25 nM (Figure 1A) and 250 nM (Figure 1B). The
results demonstrated that these CRC cells had differential responses
to leptin-mediated invasion (HT-29 > SW-480 > HCT-116). Leptin
could significantly induce cell invasion of HT-29 cells up to almost
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Figure 6. Proposed mechanisms of signaling pathways associated with lycopene-mediated suppression of MMP-7 expression and cell invasion in human
colon cancer HT-29 cells. Black closed arrows indicated effects mediated by lycopene in human colon cancer HT-29 cells. Induction is indicated by
lightface arrows. Suppression is indicated by a horizontal line with a small vertical line at one end.

3-fold at either low or high concentrations. Moreover, treatment of
lycopene (at concentrations of 0.1, 0.5, 1, and 2 uM) could
significantly inhibit leptin-mediated cell invasion of human colon
cancer cells in a dose-dependent manner (Figure 1). Our results also
indicated that the inhibitory effects of lycopene on cell invasion were
not through its cytotoxic effects (data not shown). These findings
suggest that leptin could effectively induce cell invasion, whereas
lycopene could act as a chemopreventive agent to suppress these
actions even at physiological concentration (0.5—2 uM).
Lycopene Differentially Inhibited Leptin-Mediated MMP-7
Expression in Human Colon Cancer Cells. Since upregula-
tion of leptin and MMP-7 was highly associated with tumor
progression of CRC, we further investigated whether leptin could
induce the expression of MMP-7 proteins in human colon cancer
cells. As shown in Figure 2A,B, leptin could differentially induce
the expression of MMP-7 protein in human colon cancer cells.
With normal k-ras activity, HT-29 cells were sensitive to leptin
stimulation even at concentration of 250 nM. However, SW-480
and HCT-116 cells were resistant to leptin treatment. The results
suggested that leptin significantly induced MMP-7 expression in
human colon cancer HT-29 cells (Figure 2A—D). However,
CRC cells with k-ras mutation (SW-480, HCT-116 cells) were
resistant to leptin-mediated stimulation at either low dose (1.25
nM) or high dose (250 nM). Therefore, we further examined the
chemopreventive effects of lycopene on tumor progression
including MMP-7 expression and functional loss of E-cadherin
in human colon cancer cells. As shown in Figure 2, lycopene
could dose-dependently inhibit leptin-mediated expression of
MMP-7 proteins in human colon cancer HT-29 cells. Even
without the exogenous effects of leptin, lycopene was still able
to inhibit the expression of MMP-7 in SW-480 and HCT-116

cells. Moreover, our results also indicated that endogenous levels
of MMP-7 were differentially expressed in different human CRC
cell lines (HCT-116 > SW-480 > HT-29). These results sug-
gested that leptin could significantly induce MMP-7 expression
only in human colon cancer HT-29 cell, which has normal k-ras
activity and low endogenous level of MMP-7 protein. However,
lycopene could significantly suppress leptin-mediated expression
of MMP-7 protein in human colon HT-29 cancer cells. Lycopene
could also inhibit expression of MMP-7 in SW-480 and HCT-
116 cancer cells, which were sensitive to leptin stimulation and
had endogenous levels of MMP-7 proteins. These results sug-
gested that lycopene effectively suppressed endogenous or
exogenous (leptin-mediated) levels of MMP-7 proteins in these
CRC cell lines. Since the catalytic activity of MMP is associated
with cell invasion, we further investigated the effects of lycopene
on leptin-mediated catalytic activities of MMP-7 by using casein
zymogram analysis. As shown in Figure 2E, leptin at either low
dose (1.25 nM) or high dose (250 nM) significantly stimulated
the catalytic activities of MMP-7 in human colon cancer HT-29
cells. Since previous study indicated that MMP-7 could cleave the
E-cadherin adherent molecule in cells,*® we further investigated
the effects of lycopene on expression and distribution of E-cad-
herin proteins in leptin-sensitive HT-29 cancer cells. Interest-
ingly, our results demonstrated that lycopene could dose-
dependently stabilize the assembly (Figure 2F,G) and expression
(Figure 2H) of E-cadherin proteins in human colon cancer HT-
29 cells. It is probable that cell invasion was strongly associated
with MMP-7 expression in leptin-sensitive HT-29 cells. Our
results further suggested that lycopene-mediated stabilization
and upregulation of E-cadherin adherent complexes were asso-
ciated with suppression of MMP-7 proteins in human colon
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cancer HT-29 cells. These findings suggested that lycopene
could act as a novel chemopreventive agent to inhibit cell
invasion in part through the suppression of MMP-7 and
stabilization of E-cadherin proteins in human colon cancer
HT-29 cells.

Leptin-Mediated Expression of MMP-7 and Cell Inva-
sion in Human Colon Cancer HT-29 Cells Was in Part
through MAPK/ERK and PI3K/Akt Signaling Pathways. To
further investigate the molecular mechanisms of leptin-mediated
MMP-7 expression and cell invasion, we applied specific kinase
inhibitors toward human colon cancer HT-29 cells, which were
adopted as a major cell model in this study. In the current study, our
results demonstrated that treatment of PD098059 (MEK specific
inhibitor) and wortmannin (PI3K specific inhibitor) could sig-
nificantly suppress leptin-mediated MMP-7 expression in human
colon cancer HT-29 cells (Figure 3A). These results suggested
that PI3K/Akt and MAPK/ERK signaling pathways played crucial
roles in the expression of MMP-7 proteins in human colon cancer
HT-29 cells. We further investigated whether catalytic activities of
MMP-7 would be regulated by different inhibitors. As shown in
Figure 3B, the results indicated that treatment of PD098059
(MEK specific inhibitor) and wortmannin (PI3K specific in-
hibitor) also significantly suppressed the catalytic activities of
MMP-7 in human colon cancer HT-29 cells. To validate our
important findings, we further examined the effects of different
specific kinase inhibitors on cell invasion. As shown in Figure 3C,
PD098059 and wortmannin could effectively inhibit cell invasion
of human colon cancer HT-29 cells. These results suggested that a
leptin-mediated catalytic activity of MMP-7 was associated with
cell invasion. The molecular mechanism was, in part, through the
activation of PI3K/Akt and MAPK/ERK signaling pathways. It is
plausible that lycopene might suppress leptin-mediated MMP-7
expression, activities and cell invasion in part through the modula-
tion of at least different signaling cascades such as PI3K and
MAPK/ERK signaling molecules.

Lycopene Modulated Phosphorylation Levels of ERK 1/2,
Akt, GSK-3f and f-Catenin in Leptin-Stimulated Human
Colon Cancer HT-29 Cells. To further examine the molecular
actions of lycopene, we investigated the inhibitory effects of
lycopene on the downstream molecules of PI3K/Akt and
MAPK/ERK signaling pathways in human colon cancer HT-29
cells. As shown in Figure 4A,B, leptin at high concentration (250
nM) could significantly induce phosphorylation of ERK1/2, Akt,
GSK-33 and p38 molecules. However, lycopene could only
significantly suppress leptin (250 nM)-mediated phosphoryla-
tion of ERK 1/2 proteins. There was no significantly inhibitory
effect of lycopene on leptin-mediated phosphorylation of p38
molecules. Since 3-catenin could act as an important regulator
for the expression of MMP-7 gene, we further investigated the
effects of lycopene on the downstream signaling molecules of
PI3K/Akt signaling pathways. Our results showed that treatment
of lycopene could suppress the leptin (250 nM)-mediated
phosphorylated level of Akt and GSK-3f3 proteins. Moreover,
treatment of lycopene could increase the phosphorylation levels
of B-catenin proteins. Similar effects of Iycopene were observed
in low concentration of leptin-treated group at 1.25 nM, although
the stimulatory effects of leptin were not so robust as high dose of
leptin (250 nM)-treated group (Figure 4C,D). The results
suggested that lycopene could still inhibit the endogenous
expression of MMP-7 proteins through the suppression of
PI3K/Akt and MAPK/ERK signaling pathways even at low
concentration of leptin (1.25 nM) in human colon cancer

HT-29 cells. These results suggested that lycopene might be
able to induce ubiquitin-dependent degradation of 3-catenin
molecule through the increased activity of GSK-3 protein
and phosphorylated level of f-catenin protein in human
colon cancer HT-29 cells.

Lycopene Reduced Nuclear Levels of AP-1, f-Catenin and
c-Myc Proteins in Leptin-Stimulated Human Colon Cancer
HT-29 Cells. As described above, lycopene could inhibit the
expression of MMP-7 in part through the MAPK/ERK and
PI3K/Akt/GSK3p[ signaling cascades. We further investigated
the inhibitory effects of lycopene on these downstream transcrip-
tion factors in human colon cancer HT-29 cells. As shown in
Figure SA,B, leptin at a concentration of 250 nM significantly
induced nuclear accumulation of c-Fos, p-c-Jun and [3-catenin
proteins in human colon cancer HT-29 cells. Treatment of
lycopene could significantly suppress nuclear accumulation of
c-Fos, p-c-Jun and f-catenin proteins in a dose-dependent
manner. Lycopene could even inhibit nuclear levels of c-Fos,
p-c-Jun and f3-catenin proteins even under the stimulation of
leptin at a dose of 1.25 nM (Figure SC,D). Previous studies
already demonstrated that 3-catenin could play an important role
in the regulation of c-Myc expression. As shown in Figure SA—D,
our results demonstrated leptin could significantly induce the
expression of c-Myc protein. However, lycopene significantly
inhibited the leptin-mediated c-Myc expression (Figure SA—D).
These results suggested that lycopene might be able to inhibit
MMP-7 expression in part through the blockade of nuclear
accumulation of c¢-Fos, p-c-Jun and f-catenin proteins in lep-
tin-stimulated human colon cancer HT-29 cells. To validate the
molecular mechanisms of Iycopene, we further investigated the
effects of lycopene on the interactive bindings between trans-
cription factors and response elements in promoter regions of
MMP-7 gene. As shown in Figure SE,F, lycopene could effec-
tively suppress the interactive bindings between these transcription
factors (AP-1 and f-catenin proteins) and the corresponding
binding sequences (AP-1 and TCF probes) in the promoter
regions of MMP-7 gene. These results suggested that leptin at
either high concentration of 250 nM (Figure SE) or low
concentration of 1.25 nM (Figure SF) induced the nuclear
accumulation of AP-1 and f-catenin proteins in human colon
cancer HT-29 cells. Lycopene might act as a chemopreventive
agent to suppress the expression of MMP-7 in part through
suppression of transcription factors/binding sequences com-
plexes in the promoter regions (Figure SE,F).

4. DISCUSSION

Previous studies suggest that leptin could contribute to cell
transformation and tumorigeneisis of human CRC.” High plasma
levels of leptin are associated with the malignancy and poor
prognosis of CRC patients.” Many studies suggest that over-
expression of MMP-7 could induce the tumorgenicity of CRC
and become an important biomarker of colorectal carcinoma.
Our previous studies demonstrated that lycopene could signifi-
cantly inhibit cell proliferation at concentrations of 2, S, and
10 uM, respectively.>* However, the inhibitory effects of lyco-
pene on MMP-7 expression and tumor progression of human
CRC cells have not been demonstrated yet. Therefore, we would
investigate the molecular mechanisms of lycopene during the
leptin-mediated MMP-7 expression and tumor progression in-
cluding cell invasion in human colon cancer cells in this study.
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We adapted three CRC cell lines (HT-29, SW-480, and HCT-
116 cells) with different mutation characteristics to investigate
the molecular mechanisms of leptin. In contrast to HT-29 cells
with normal ras proto-oncogene activity, SW-480 and HCT-116
have oncogenic k-ras mutations.”>” Moreover, HCT-116 and
HT-29 cells have PI3K oncogenic mutation, which was normal in
SW-480 cells.” The results from this study demonstrated that
leptin differentially induced cell invasion of human colon cancer
cells (leptin sensitivity: HT-29 > SW-480 > HCT-116 cells)
(Figure 1). Interestingly, our results showed that the basal levels
of cell invasion (HCT-116 > SW-480 > HT-29) were correlated
with the status of k-ras and PI3K mutation (data not shown). It is
plausible that the stimulatory effects of leptin on cell invasion
were inversely correlated with the status of k-ras and PI3K
mutation. HCT-116 cells (k-ras mutation; PI3K mutation) had
high levels of endogenous MMP-7 and were highly insensitive to
leptin stimulation. Moreover, SW-480 cells (wild type PI3K;
k-ras mutation) had low sensitivity to leptin treatment. However,
HT-29 cells (wild type k-ras; PI3K mutation) were highly
sensitive to leptin stimulation. It is probable that leptin-mediated
MMP-7 expression and cell invasion of human colon cancer cells
were associated with the status of k-ras/ PI3K mutations and
various aspects of downstream signaling cascades. In the leptin-
sensitive and -resistant cancer cells, lycopene even at low con-
centrations could effectively inhibit leptin-mediated MMP-7
expression and cell invasion in a dose-dependent manner
(Figures 1 and 2). These results suggested that lycopene could
work as a chemopreventive agent with anti-invasion capability.
Our results also demonstrated that leptin upregulated the
expression of MMP-7 in human colon cancer HT-29 cells.
Treatment of lycopene could effectively suppress leptin-
mediated expression and catalytic activities of MMP-7 even at
physiological levels (0.5, 1, and 2 uM) (Figure 2). Lycopene
could also inhibit the expression of MMP-7 in leptin-resistant
CRC cells (SW-480, HCT-116) even with high levels of en-
dogenous expression of MMP-7 (Figure 2). These findings
suggested that leptin at low concentration of 1.25 nM could
effectively induce MMP-7 expression in HT-29 cells (normal ras;
mutant PI3K genes). However, leptin could significantly aug-
ment MMP-7 expression even at high concentration of 250 nM.
Our results support the hypothesis that increases in leptin levels
could contribute to the risk of colon cancer especially in normal
ras and mutant PI3K colon cancer HT-29 cells which is featured
with upregulated expression of MMP-7. These results also
suggested that lycopene could effectively inhibit the expression
of MMP-7 in those CRC cells containing mutant ras and PI3K
genes even under low or high levels of leptin. Therefore,
consumption of lycopene could be a chemopreventive agent
for protection of most colon cancer patients to prevent the
carcinogenic effects of leptin. Overexpression of MMP-7
protein is strongly correlated with the malignant progression
of human colon cancer. Previous studies suggested that
MMP-7 could cleave the E-cadherin adherent junction
molecule. Our results suggested that leptin could induce
the expression of MMP-7 protein and instability of E-cad-
herin molecule in human colon cancer HT-29 cells. It is
probable that leptin could augment tumor progression
through upregulation of MMP-7 molecules and loss of
E-cadherin in human colon cancer HT-29 cells. The results
further demonstrated that lycopene upregulated the expres-
sion of E-cadherin even in the presence of leptin in human
colon cancer HT-29 cells (Figure 2). Our results showed that

immunofluorescence staining results were slightly different
from the protein levels detected by Western blotting analysis
(Figure 2F,G vs Figure 2H). The difference could be ex-
plained by the abundant expression of E-cadherin protein on
the cell surface.

To investigate the molecular mechanisms involved in the
MMP-7 expression in human colon cancer cells, we adopted
several inhibitors specifically targeted to different signaling
pathways. The results demonstrated that PI3K/Akt and
MAPK/ERK signaling pathways could play important roles
in leptin-mediated expression and catalytic activities of
MMP-7 (Figure 3). Our preliminary finding suggested that
these two PI3K/Akt and MAPK/ERK signaling pathways
worked independently to regulate the expression of MMP-7
in human colon cancer HT-29 cells (data not shown).
Furthermore, our results suggested that catalytic activity of
MMP-7 is associated with cell invasion. To further examine
the molecular mechanisms of lycopene in the suppression of
MMP-7 expression, we investigated the inhibitory effects of
lycopene on these downstream signaling molecules. As
shown in Figure 4, lycopene could significantly inhibit the
leptin (at even concentration 250 nM)-mediated phosphory-
lated levels of ERK 1/2, Akt and GSK-3/3 molecules in human
colon cancer HT-29 cells. As stated above, suppression of
PI3K/Akt and MAPK/ERK signaling pathways and subse-
quent signaling molecules could inhibit the expression of
MMP-7. The results suggested that lycopene significantly
inhibited both PI3K/Akt and MAPK/ERK signaling path-
ways individually. It is probable that lycopene could effec-
tively inhibit the expression of MMP-7 in part through
the suppression of ERK 1/2 and Akt molecules. Further-
more, lycopene could enhance the phosphorylated level of
[-catenin protein. It is suggested that lycopene might be able
to induce the degradation of 3-catenin protein through the
induction of GSK-3f activity and increased phosphorylated
levels of -catenin protein. However, no inhibitory effects of
lycopene on the phosphorylated level of p38 were observed
in this study. The results suggested that lycopene might
specifically target to the Akt, GSK-3f3 and ERK1/2 signaling
molecules and suppress the downstream transcription fac-
tors such as f3-catenin and AP-1 proteins. Since previous
studies already indicated that [(-catenin and AP-1 could
modulate the expression of MMP-7 in several types of cells,
we further examine the inhibitory effects of lycopene on
expression of f-catenin and AP-1 transcription factors in
leptin-stimulated human colon cancer cells. As shown in
Figure S, we demonstrated that lycopene could significantly
inhibit the nuclear accumulation of AP-1 and f-catenin
transcription factors. We also demonstrated that lycopene
could significantly inhibit the expression of c-Myc protein in
human colon cancer cells. These results suggested that
lycopene might be able to suppress the expression of
MMP-7 and c-Myc proteins in part through the modulation
of -catenin and AP-1 transcription factors.

Previous studies indicated that strong immunohistochemical
staining of MMP-7 was observed in various types of colonic
adenomas.” Several studies also indicated that the expression of
MMP-7 is significantly correlated with the presence of nodal or
distant metastases.*>*' Our results are consistent with previous
findings and provide the mechanism of leptin in tumor progres-
sion of human colon cancer cells. As shown in Figure 6, the
proposed mechanisms suggested that leptin would modulate the
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cell invasion and MMP-7 expression through the modulation of
Akt, GSK-3f and ERK1/2 signaling pathways in human colon
cancer HT-29 cells (normal ras; mutant PI3K genes). The results
indicated that leptin induced nuclear accumulation of AP-1 and
P-catenin proteins in human colon cancer HT-29 cells. Lyco-
pene, an anticancer agent, could effectively suppress leptin-
mediated nuclear expression of AP-1, (3-catenin, c-Myc, and
MMP-7 proteins. The molecular actions of lycopene were also
in part through the activation of GSK-3/3 molecule and destabi-
lization of f-catenin in human colon cancer HT-29 cells.
Lycopene could effectively inhibit MMP-7 expression and cell
invasion in either ras or PI3K mutation CRC cells under the
stimulation of leptin at low concentration of 1.25 nM. Our results
indicated that leptin at high concentration of 250 nM could
induce MMP-7 expression and cell invasion in HT-29 cells
(normal ras gene). With the increasing levels of leptin up 250
nM, lycopene could still suppress MMP-7 expression and cell
invasion in all three CRC cells featured with either ras or PI3K
gene mutation. In conclusion, lycopene could exert its novel
anticancer effects in part through suppression of MMP-7 expres-
sion as needed for cell invasion during development of colorectal
tumor. These findings provide a novel insight into the anticancer
effects of lycopene on tumor progression of human colorectal
cancer. Although we only test the effects of lycopene on human
colon cancer HT-29 cell lines in vitro, our results provide the first
findings that lycopene could significantly inhibit leptin-mediated
MMP-7 expression and cell invasion which are associated with
malignancy as evident from population studies and animal
experiments showing enhancement of tumor progression and
cancer development.
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