
Abstract. In this study, highly invasive tumor cell lines
(designated A431-I, -II and -III) derived from parental
A431 tumor cells (A431-P) were isolated by three
successive passages through a Boyden chamber with
matrigel-coated membrane support. The invasive potential
and the activity of secreted MMP-9 of each sub-line
increased significantly compared to the A431-P (A431-III
> A431-II > A431-I) as evidenced by the in vitro invasion
assay, gelatin zymography and immunoblotting analyses.
RT-PCR results also revealed the elevated expression of
MMP-9 in A431-III. We further characterized the A431-III
sub-line and found these cells exhibited a greater potential
for attachment and spreading on fibronectin-coated
substratum and for migration. The A431-III cells displayed
multiple cytoplasmic extensions with focal contacts
(vinculin-positive staining) during cell spreading within 30
min. We also noticed an increase in FAK phosphorylation,
but no significant change in FAK protein level in the A431-
III sub-line compared to those of A431-P cells. Together,
these results demonstrate that the greater invasion
potential exhibited by the highly invasive A431-III subline
is likely attributed to an increased ability for attachment,
spreading and migration, as well as increased MMP
activity. Thus, A431-P and the highly invasive A431-III
sub-line could be an excellent model for studying the
mechanism of cancer metastasis.

Migration of tumor cells from the primary neoplastic
clone into surrounding normal tissues is a process
generally called invasion. Remodeling of the extracellular

matrix (ECM) is an essential step for cell migration (1).
In human cancer, the production of certain matrix
metalloproteinases (MMPs) correlates with the
development of the ability to invade neighboring tissues
and metastasis to distal sites (2, 3) . MMPs are
overexpressed in almost all types of human cancer and, in
some instances, overexpression correlates with poor
clinical outcomes (4). The MMPs belong to a rapidly
growing family of zinc-dependent endopeptidases and are
encoded by at least 28 genes (5) . Collectively, MMPs
degrade most components of the ECM. Tumor cells
probably need more than one MMP, as well as more
general degradative enzymes, to cross the tissue barriers
they encounter in the process of invasion. MMPs regulate
the tumor microenvironment, and their expression and
activation is increased in almost all types of human cancer
compared to normal tissues (5) . Altering the secretion
and/or the suppression of the MMP production or
activities in cancer would be expected to limit their
invasion potential by preventing the degradation of
basement membrane and stromal connective tissues. Many
agents, such as [D-Trp6]LH-RH [a protein tyrosine
phosphatase activator (6)] flavonoids, protein kinase
inhibitor (7) and several synthetic metalloproteinase
inhibitors have been tested in animal models and/or
human clinical trials for their potential to prevent tumor
invasion/metastasis (8).

Over the past two decades, a number of in vitro assays
have been developed for investigating the process of tumor
cell invasion (9). The quantitative in vitro invasion assays in
use today are derived from the Boyden chamber assay (10).
One common feature for the Boyden chamber assay is the
requirement of tumor cells to secret MMPs in order to pass
through the chamber. The number of cells that penetrate and
pass into the bottom chamber over a period of time permits
quantitative comparison between drug-treated and non-treated
tumor cells and often correlates with the amounts of MMPs

2109

Correspondence to: Ming-Ting Lee, Institute of Biological
Chemistry, Academia Sinica, Taipei, Taiwan, R.O.C. Fax: +886 2
27889759, e-mail: mtlee@gate.sinica.edu.tw

Key Words: MMP-2, MMP-9, A431, FAK, Boyden chamber assay.

ANTICANCER RESEARCH 28: 2109-2120 (2008)

Investigation of MMP-2 and -9 in a Highly Invasive A431
Tumor Cell Sub-line Selected from a Boyden Chamber Assay
WEN-TE KAO1, CHUN-YU LIN1, LUNG-TA LEE2, PING-PING H. LEE3, CHIN-CHUN HUNG3, YUNG-SHENG

LIN1, SHIH-HSUN CHEN1, FERNG-CHUN KE4, JIUAN-JIUAN HWANG5 and MING-TING LEE1,3

Institutes of 1Biochemical Science, 4Molecular and Cellular Biology, and
3Biological Chemistry, Academia Sinica, National Taiwan University, Taipei, Taiwan;

2Department of Nutrition and Health, ToKo University, Chia-Yi;
5Institute of Physiology, National Yang Ming University, Taipei, Taiwan, R.O.C.

0250-7005/2008 $2.00+.40



secreted. Thus, it is reasonable to expect that those cells that
reach and settle to the bottom earlier should secrete higher
levels of MMPs compared to those which pass through the
chamber later. In this study, we used the Boyden chamber to
test the hypothesis that if tumor cells passed through the
chamber more times, the sub-lines would secrete higher levels
of MMPs, and take a shorter time to pass through. We
examined the conditioned media for gelatinase activity.

Studies have linked focal adhesion kinase (FAK), a non-
receptor protein tyrosine kinase, to a variety of cellular
signaling pathways for cell survival and cell cycle
progression, as well as for cell motility (11, 12). Evidence
reveals an association of elevated FAK expression and
phosphorylation in human tumor cells with an increased cell
invasion potential (12). In growing, integrin-stimulated, or
migrating cells, FAK is highly phosphorylated at a number
of residues in vivo (13). Mechanistically, the stimulated
phosphorylation of FAK at Tyr-397 creates an SH2-binding
motif that is required for FAK function in promoting cell
motility (14). These observations indicate that elevated FAK
expression and phosphorylation may be useful as a marker
for detecting tumor metastasis. Interestingly, FAK signaling
has been found to mediate MMP-9 secretion (15). The use
of antisense and siRNA to decrease FAK expression
inhibited tumor cell, migratory and invasive activities, and
was associated with a decrease in MMP-9 secretion (16, 17).
These observations suggest that FAK signaling may act on
MMP-9 expression and secretion, and FAK might influence
the invasion of tumor cells (15-18).

In the present study, we used matrigel as a coating on the
top of a porous filter as a barrier in the Boyden chamber to
separate and enrich highly invasive tumor cells. From the
A431 parental cells, we isolated a highly invasive A431-III
subline. We characterized this sub-line, especially with
respect to its MMP expression, migration potential and FAK
phosphorylation. Special emphasis and comparison was
placed on further investigation in the difference of metastasis
between A431-III and A431-P in vivo.

Materials and Methods
Materials. RPMI-1640 and fetal bovine serum (FBS) were obtained
from GIBCO (Grand Island, NY, USA). Rabbit anti-FAK was
acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Mouse anti-FAK-p-Y397, -p-Y576, -p-Y861 and -p-Y925 were
purchased from BD Biosciences (San Diego, CA, USA). Anti-
MMP-2 and MMP-9 antibodies were obtained from (Biogenesis,
Sandown, NH, USA). SMART pool MMP-9 siRNA and non-
specific RNA was purchased from Dharmacon (Lafayette, CO,
USA). ECL was obtained from Amersham Pharmacia Biotech
(Buckinghamshire, UK). Engelbreth-Holm-Swarm (EHS) matrigel
was acquired from Sigma-Aldrich (St. Louis, MO, USA). Cell
culture insert was obtained from Becton Dickinson Labware
(Franklin Lakes, NJ, USA). Unless otherwise indicated, all other
reagents were purchased from Sigma-Aldrich.

Cell growth experiments. The A431 tumor cell line was obtained
from the American Type Culture Collection (ATCC; Rockville, MD,
USA). The cells were maintained at 37˚C in a humidified
atmosphere (95% air and 5% CO2) and grown as monolayers in
plastic tissue-culture flasks containing RPMI-1640, supplemented
with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin
(GIBCO) according to the recommendations of the ATCC. Cells
growing in log phase were harvested by suspension in 0.25% trypsin-
EDTA solution for 5 min. The cells were then washed once with
RPMI-1640 medium and resuspended at a density of 1×104 cells/ml
in a volume of 1.0 ml RPMI-1640 medium.

For growth determination, cells from triplicate wells representing
each treatment condition were harvested with 0.25% trypsin-EDTA
and counted in a Coulter Counter (Coulter Electronics, Luton, UK),
with cell viability determined using the dye exclusion method. Cell
numbers were also determined using colorimetric assay with the
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide as the assessable end-point, as described elsewhere (19).

In vitro invasion assays and separation of highly invasive tumor cells. In
vitro invasiveness was investigated according to a previously described
procedure (20), with modification. In brief, 24-well Transwell units
with polycarbonate filters (8-μm pore size; Becton Dickinson) were
coated (1 h at room temperature) with 0.1 ml of 0.8-mg/ml Englebreth-
Holm-Swarm (EHS) sarcoma tumor extract consisting of reconstituted
basement-membrane substances (EHS Matrigel; Sigma). These filters
were then air dried at room temperature to form a thin continuous layer
on the filter surface. The lower compartment contained 0.6 ml laminin
(20 mg/ml) as a chemoattractant or RPMI-1640 medium as a negative
control. A431 cells [1×105 cells/0.2 ml of RPMI-1640 containing 0.1%
bovine serum albumin (BSA)] were placed in the upper compartment
and incubated with or without either flavonoids or epidermal growth
factor (EGF) at 37˚C for 72 h in a humidified atmosphere of 95%
air/5% CO2. Following incubation, the filters were fixed with 3%
glutaraldehyde in PBS and stained with crystal violet. Cells on the
upper surface of the filter were removed by wiping with a cotton swab,
while those that penetrated through the Matrigel to the lower surface
of the filter were counted under a microscope (×200). Each treatment
was assayed in triplicate and two independent experiments were
performed. To obtain cells with which could secrete higher amounts of
MMPs, the small inserts were removed and the cells that settled onto
the culture flask were cultured until they reached 60% confluence. The
cells were then sub-cultured (designated as A431-I). The A431-I cells
were reapplied to the Boyden chamber and experiments as described
above were repeated until A431-III was obtained.

Detection and characterization of MMPs by gelatin zymography.
The amounts of MMPs secreted from tumor cells were measured
using gelatin zymography (21).

Reverse transcriptase-polymerase chain reaction (RT-PCR). Total
RNA was isolated by using RNeasy Mini Kit (Qiagen, Valencia, CA,
USA), and reverse transcribed by using the Superscript™ kit
(Invitrogen). Briefly, 5 μg of total RNA, 1 μl 50 μM Oligo(dT)
Primers, and 1 μl of 10mM dNTP were mixed, denatured at 65˚C for
5 min, then placed on ice for 1 min. Two microliters of 10 X RT
Buffer (Invitrogen, Carlsbad, CA, USA), 4 μl 25 mM MgCl2, 2 μl
0.1 M DTT, 1 μl RNaseOUT™ (40 U/μl) and 1 μl SuperScript™ III
RT (200 U/μl) were added and incubated at 25˚C for 10 min,
followed by 50˚C for 50 min, then heat inactivated at 85˚C for 5 min,
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before adding 1 μl of RNase H (Invitrogen) and incubating at 37˚C
for 20 min. The PCR reaction contained 36.5 μl of nuclease-free
water, 5 μl 10x PCR Buffer (Invitrogen), 4 μl 2.5 mM dNTP, 1 μl
each of 100 μM forward and reverse primers (Purigo Biotech, Taipei,
Taiwan), 2 μl of RT product, and 0.5 μl (5 U/μl) Bio Taq DNA
Polymerase (Bioman, Taipei, Taiwan). The PCR program used was:
denaturing at 94˚C for 60 s, annealing at 58˚C for 90 s, and extension
at 72˚C for 90 s for 28 cycles. Forward and reverse primers for MMP-
9 cDNA amplification were 5’CCGCGACACCAAACTGGAT3’ and
5’TGTACCGCTATGGTTACAC3’; for MMP-2 cDNA amplification
5’GATCTGAGCGATGCCATCAA3’ and 5’TGTGTCTTCCCCTTC
ACTTT3’; and for β-actin cDNA amplification 5’GCTCGTC
GTCGACAACGGCTC3’ and 5’CAAACATGATCTGGGTCATCT
TCTC3’ respectively. The PCR products were run on 1.2% agarose
gels, stained with ethidium bromide, and visualized by UV.

Transfection of siRNAs. SMART pool MMP-9 siRNA and non-
specific RNA were dissolved in 250 μl 1X universal buffer provided
by the manufacturer to a concentration of 100 nM. A431-P and A431-
III cells (2×105) were plated into 35-mm 6-well trays and allowed to
adhere for 24 h. Five microliters Lipofectamine 2000 (GIBCO) per
well was added to 250 μl Opti-MEM thoroughly mixed, and
incubated at room temperature for 5 min. Five microliters of SMART
pool MMP-9 siRNA per well was added to 250 μl Opti-MEM,
thoroughly mixed and then combined with the diluted Lipofectamine
2000. The siRNA/ Lipofectamine mixture was gently added to the
cells and incubated at room temperature for 15 min, and then
transferred into 6-well plates containing 1.5 ml DMEM with 10%
FBS for 48 h. All assays were performed 48 h post-transfection.

Transfection of EGFP in A431-P and DsRed-Express in A431-III.
A431-P and A431-III were routinely maintained in RPMI medium
containing 10% FBS at 37˚C in a humidified 5% CO2 atmosphere.
For plasmid transfections, cells at 70% confluence were exposed to
the SuperFect reagent (Qiagen) containing DsRed-Express or EGFP
vectors according to the supplier's instructions. Single colonies of
resistant cells were selected in medium supplemented with 800
μg/ml and maintained in 100 μg/ml G418. Stable clones were
chosen for further experiments.

Migration assays. Transwell migration assays were performed as the
invasion assays described above except that Matrigel was replaced by
fibronectin (FN). In brief, the membrane was coated with FN (10 μg/ml
in RPMI-1640) for 2 h at 37˚C. Serum starved cells were harvested and
resuspended to the in migration medium and 1×105 cells in 0.1 ml were
added to the upper chamber. After 16 h at 37˚C, cells on the upper
surface of the filters were removed by wiping with cotton swab. The
filters were fixed with 3% glutaraldehyde in PBS and stained with
crystal violet and the number of cells on the lower surface of membrane
was counted under a microscope (×200).

Cell spreading measurements. A431-P and A431-III cells in
confluent cultures were trypsinized and then plated on fibronectin-
coated coverslips at a density of 106 cells/ml in RPMI-1640 with
10% FBS as described by Huttenlocher et al. (22) and modified by
us. Cells were incubated at 37˚C for 15 or 30 min. Nonadherent cells
were washed out and adherent cells fixed by 4% glutaldehyde/PBS.
Adherent cells were scored by visual examination under a
microscope. Results represent the average of three independent
experiments (for each data point >500 cells were counted).

Preparation of cell lysates. Tumor cells were harvested and washed
three times with PBS. The cells were then lysed in gold lysis buffer
as described elsewhere (23). Insoluble material was collected by
centrifugation at 12,000×g for 10 min at 4˚C. The protein
concentration was determined according to the method of Bradford
(24) and then adjusted to 2.0 μg/μl. The samples were then divided
into 50-μl aliquots and stored at –70˚C for further study.

Western blot. The proteins separated on SDS-PAGE (25) were
electrophoretically transferred to nitrocellulose membrane according
to the method of Towbin et al. (26). The electrophoretic blots were
blocked in PBS containing 5% BSA for 2 h at room temperature,
and then rinsed in PBS three times and incubated for 2 h at room
temperature with primary antibody appropriately diluted in PBS/1%
BSA. The primary antibodies used in this study included: mouse
monoclonal IgG-anti phosphotyrosine, monoclonal IgG-anti human
FAK, and anti-FAK-p-Y397, -FAK-p-576, -FAK-p-861 and -FAK-
p-925. The nitrocellulose membranes were then thoroughly washed
three times (10 min each) in Tris-buffered saline Tween-20 (TBST),
and incubated with the secondary antibody (goat anti-rabbit or
rabbit anti-mouse IgG) conjugated with horseradish peroxidase. The
membranes were subsequently washed three times with TBST and
twice with triethanolamine-buffered saline (TBS). To ascertain
whether the phosphotyrosyl-125 kDa protein was indeed an FAK,
anti-FAK polyclonal antibody was used to immunoprecipitate the
FAK protein. EGF- and/or flavonoid-treated and untreated cell
lysates with equivalent amounts of proteins were incubated with
anti-FAK polyclonal antibodies (1 μg/ml) for 4 h at 4˚C with gentle
agitation, according to the manufacturer’s recommendations. The
FAK/anti-FAK antibody complexes were removed by centrifugation
at 14,000×g at 4˚C for 20 min. The immunoprecipitates were then
washed three times in PBS containing 1% Triton® X–100 and
subjected to FAK immunoblotting analysis. In addition, the same
immunoprecipitates were subjected to total kinase assay as
described above.

Wound-healing assay. Both siRNA-transfected and control A431
cells (2×105) were plated onto FN-coated (5 μg/ml) six-well culture
plates in complete growth media. After 24 h, the cell monolayer was
wounded by manual scratching with a pipette tip (26), washed with
PBS, photographed in phase contrast using an Olympus IX70
camera (Tokyo, Japan), and then placed into complete medium,
with or without either flavonoids or EGF at 37˚C in a humidified
atmosphere of 95% air/5% CO2. Matched-pair marked wound
regions by manual scratching with a pipette tip were photographed
again after 48 h of treatment.

Statistical analysis. The statistical significance between groups was
determined by means of unpaired Student’s t-tests. A probability of
p<0.05 was considered significant for all tests. Results (from three
to six independent experiments) are expressed as mean±SEM.

Results
Selection of highly invasive tumor cell sub-line. The few
A431-P cells that were found to settle in the culture flask
after 24 h were propagated and sub-cultured, then designated
as A431-I. A431-I cells were then subjected to the same
assay until the A431-III sub-line was obtained as shown in
Figure 1.
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Assays for invasive and proliferative sub-lines in vitro. A431-
I, A431-II and A431-III sub-lines were tested for their
invasive and proliferative properties in vitro. Representative
micrographs of the transwell surface are shown in Figure 2A.
These selected A431-I, A431-II and A431-III sub-lines were
found to be 1.43-, 2.12- and 2.53-fold, respectively, as
invasive in vitro as the parental line (Figure 2B). To rule out
that the cell proliferation rate affected the number of cells
penetrating through the Boyden chamber, cell growth
experiments of A431-P and A431-III were performed. The
cell growth doubling time for both A431-P and A431-III cell
lines were 24.86 and 22.66 h, respectively (Figure 2C). It
can be concluded that the cell proliferation rate does not
affect cell invasion.

After three rounds of selection, we found that A431-I,
A431-II and A431-III successively secreted higher amounts
of MMPs than did A431-P (Figure 3A). We then tested the
hypothesis that the sub-lines which invaded through the
Boyden chamber in a shorter period of time and passed the
chamber more times would secrete higher amounts of
MMPs. The conditioned media of A431-P, A431-I, A431-
II and A431-III were collected and their gelatinase activity
tested using gelatin zymography. The MMPs were detected
as transparent bands on the blue-black ground of the
Coomassie blue-stained slab gel. A representative
zymogram is shown in Figure 3A. Control (A431-P) cells
secreted two major gelatinases of 92 and 72 kDa, as well
as a group of lower molecular weight gelatinases in the
range from 50 to 65 kDa. Striking differences in the
secretion of 92 and 72 kDa, gelatinases were noted between
A431-P and A431-III. These data suggest that the Boyden
chamber assay could be used to select highly invasive
tumor cell sub-lines in vitro.

Immunoblotting analysis demonstrated that the 92 kDa
gelatinase was MMP-9 and the 72 kDa one was MMP-2
(Figure 3B).These gelatinases, secreted by A431 cells, were
characterized as MMPs because their activities were
completely inhibited by 10 mM EDTA (Figure 3C) and 5 mM
1,10-phenanthroline (data not shown) as reported in an earlier
study (6). Since MMP-9 plays an important role in tumor
invasion, we checked the steady state levels of mRNAs by RT-
PCR. Total RNA was extracted from cultured tumor cells.
Comparison of the relative densities between A431-P and
A431-III revealed elevated expression of MMP-9 in A431-III
(Figure 3D).

Alteration of MMP expression modulates cell adhesion and
migration. Cell spreading and migration is associated with
the expression of MMP-9. Because we observed that the
MMP-9 level was notably increased in the selected A431-III
sub-line, we hypothesized that MMP-9 may influence A431-
III spreading and migration. We initially used 2×105
cells/cm2 of A431-P and A431-III on FN-coated flasks. After

36 h, we observed that cell–cell adhesion of A431-III cells
decreased. Meanwhile, the dispersal of A431-III cells
increased and they tended to have protruding filopodia,
whereas A431-P cells grew cohesively and formed marked
colonies (Figure 4). One explanation for the A431-III sub-
line exhibiting higher scattering phenomena is that excess
MMPs might cleave E-cadherin and promote the disruption
of cell–cell junctions, thus leading to scattering of A431-III
cells. The ELISA assay indicated that the E-cadherin level
in A431-P was approximately 15% higher than that of A431-
III and Western-blot analysis also revealed similar results
(data not shown). In addition, A431-P (EGFP-transfected)
and A431-III (DsRed-transfected) cells were co-cultured.
Interestingly, we observed that A431-P cells (green) grew in
the outer area of the colonies and encircled the A431-III cells
(red). The condition of dispersal of the A431-III was
significantly reduced. These features appeared after 48 h co-
culture (Figure 5). The higher level of E-cadherin in A431-
P might partially account for the adhesion of neighboring
cells including A431-III. These results suggest that E-
cadherin alters cell–cell interactions.

Morphological differences in cell spreading and adhesion
were examined further. To allow comparison of A431-P and
A431-III attachment behavior, A431-P and A431-III cells
were plated on both FN- and BSA-coated plates, and after
30 min, attachment of A431-III cells on FN-coated flasks
was found to be approximately 35% higher than that of
A431-P cells (Figure 6A). On BSA-coated plates, no
measurable difference was observed between A431-P and
A431-III (Figure 6A). In addition to the differences in
attachment between A431-P and A431-III, we show here that
A431-III cells spread very rapidly on FN-coated plates
compared to A431-P cells. Quantification of cell spreading
after 15 and 30 min showed an increase of A431-III cells by
more than 100% and 87% , respectively (Figure 6B, C).
These results suggest that the cell spreading ability correlated
with the secretion of MMPs.

Higher A431-III migration ability coincides with an
increased MMP secretion and accumulation of vinculin and
FAK in lamellipodia. We next analyzed the distribution of
vinculin, a protein found highly concentrated at specialized
sites of cell adhesion to the extracellular matrix known as
focal adhesions. A431-III cells attached and spread
extensively on FN-coated plates forming flat cells at 30
min, whereas A431-P cells were characterized by less
spreading and an increase in cell size (Figure 7). In A431-
III cells, vinculin was found to accumulate at the leading
edge of advancing lamellipodia and was co-localized with
FAK with higher intensity as compared to A431-P cells
(Figure 7). This suggests that both of these proteins form
protrusive structures allowing cells to physically extend
into new areas.
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A431-III cells secreting higher levels of MMPs migrate more
rapidly to repair a wound. To further investigate the
difference in cell migration ability between A431-P and
A431-III cells, in vitro wound healing assays were first
performed. A significant difference was found in the ability
of A431-P cells to migrate to the open area at 20 h, with the
A431-III cells having nearly closed the gap (Figure 8A).
Examination of the leading edge of the migrating cells also
revealed multiple protrusions and extensions in A431-III
cells, but a relative uniform flat edge for A431-P cells
(Figure 8B). Immunofluorescence analysis revealed that
A431-III cells were strongly immunoreactive for both
phalloidin and vinculin at the tip of extending lamellipodia,
whereas A431P cells were weakly labeled (Figure 8B). In
addition, A431-III cells migrated approximately 58% more
rapidly than A431-P cells (Figure 8C, D). In a second
experiment, we also analyzed haptotactic migration of the
A431-P and A431-III cells in a Transwell chamber assay.
Representative micrographs of Transwell filters are shown in
Figure 9A. A431-III cells exhibited a 1.5-fold increase in cell
migration as compared to A431-P cells (Figure 9B),
indicating that A431-III is more susceptible to a FN-
stimulated response.

Comparison of FAK and ERK phosphorylation in A431-III
and A431-P. Cell invasion and migration was linked to FAK
accumulation and the levels of FAK phosphorylation in the
lamellipodia. It has been reported that the major sites of FAK
phosphorylation are the tyrosine residues of 397, 576, 861,
and 925 (27). To determine if secretion of higher amounts
of MMPs by A431-III cells was also accompanied by higher
FAK tyrosine phosphorylation, just before wound closure

(20 h), cells were harvested and cell lysates were subjected
to immunoblotting study using site-specific antibodies. It
was revealed that in A431-III cells, phosphorylation levels
of the aforementioned tyrosine residues was increased in
both serum-free culture, except at the 925 residue, as
compared to that of A431-P (Figure 10, panel A). Since
FAK-tyrosine phosphorylation-397 is required for the
peripheral targeting of ERK to cell matrix adhesion, we
therefore investigated levels of ERK protein phosphorylation
in both A431-P and A431-III cells. Proteins were extracted
from A431-P and A431-III and tested for ERK and ERK
phosphorylation by Western blotting. No significant
difference was evident between ERK expression in A431-P
and A431-III cells. Importantly, we observed sharply
elevated p-ERK levels in serum-free cultured A431-III cells
(Figure 10B).

Discussion

The purpose of the present study was to develop a simple
method to obtain highly invasive tumor cells amongst the
tumor cell lines themselves. We successfully separated a
cancer cell sub-line A431-III derived from the A431 parental
cell line using Boyden chamber assay apparatus (Figures 1
and 2). One important rationale behind the selection of
highly invasive tumor cells is that the tumor cells secrete
higher amounts of MMPs in order to penetrate through the
chamber in a shorter period of time. An early study found
that there was a direct correlation between the secretion of
MMPs and the invasive potential of tumor cells (28, 29). To
check whether our finding was not merely a coincidence, we
further examined A549, PC-3 and DU145 cell lines and
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Figure 1. Diagram of the Boyden chamber assay. The Boyden chamber assay was performed by placing a porous membrane coated with Englebreth-
Holm-Swarm sarcoma tumor extract at the air interface. Parent tumor A431-P cells (2×105 cells/0.5 ml) were placed in the upper compartment for
48 h, after which the cells penetrated through the matrigel to the lower surface and settled onto the culture flask. The chamber was carefully removed,
and the cells (designated as A431-I) were continuously maintained in fresh culture medium for a week and were then sub-cultured. The same
experiments were repeated until A431-III was obtained.



found that A549-III, PC-3-III and DU145-III also secreted
higher levels of MMPs as compared to the parental cells
(data not shown). These data suggest that such highly
invasive tumor cells do exist within the parental population.

MMPs have been implicated in processes leading to
cancer invasion and metastasis, and also play a major role in
tumor angiogenesis (30) based on the fact the levels of some
MMPs are elevated in certain tumor types (2, 3). These
enzymes, therefore, appear to be appropriate targets for the
development of anticancer and antimetastasis agents.

Of considerable interest in this study was the marked
increase in the secretion of 92 and 72 kDa gelatinases from
the A431-III sub-line as compared to A431-P (Figure 2). RT-
PCR (Figure 2) and DNA array (data not shown) results also

support this observation. These two gelatinases appear to be
MMP-9 and MMP-2, as demonstrated by Western blotting
analysis (Figure 2). MMP-9 and MMP-2 are expressed in
various types of human epithelial cancer and their levels seem
to be related to the metastatic potential and malignancy (28).

It is well known that MMPs are highly regulated in the
body. However, this regulation does not prevent cancer cells
from secreting MMPs in order to digest the ECM and allow
them to migrate and invade. Higher MMP production
correlates with a higher invasive capacity (30). Using the
high MMP expressing A431-III sub-line, the role and the
regulation of MMPs in tumor can be further analyzed. A431-
III cells should be a useful tool to study the mechanism of
tumor metastasis and to develop methods to halt tumor
metastasis (31). Currently, studies are being conducted in
vivo using GFP-labeled A431-III and Cy-3 labeled A431-P
cells to investigate the differences of metastatic ability
between A431-P and A431-III sub-lines.

The ability of tumor cells to migrate away from the
primary tumor to a distal site and invade surrounding
normal tissues is a prerequisite for metastasis. It has been
determined that FAK is overexpressed in a variety of
tumors. High levels of FAK expression have also been
found in preinvasive and invasive cancer (12-14). In
addition, FAK was found to regulate invasion by
promoting cancer cell motility and also to regulate MMP
secretion (17, 31). Interestingly, FAK signaling has been
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Figure 2. Measurement of in vitro invasive activity of A431-P, A431-I,
A431-II and A431-III sub-lines. The number of cells that penetrated
through the Matrigel to the lower surface of the filters was stained and
then was determined by microscopy. Panel A, representative
photographs of the cells that invaded Matrigel: a, A431-P; b, A431-I; c,
A431-II; d, A431-III. Panel B, each bar represents the mean percentage
(±S.E.M) of invaded cells relative to the A431-P value expressed as
100% . Two independent experiments were performed in triplicate. Panel
C, A431-P and A431-III growth doubling time.



found to mediate MMP-9 secretion. These data suggest
that FAK might influence the invasion of tumor cells.
Since A431-III cells secrete higher levels of MMPs,
several questions arise from our results: how and why do

these cells secrete higher levels of MMPs? Do higher
amounts of MMPs feed back to modulate FAK function in
cell migration? In the present study, we explored the
connections between MMPs, FAK and migration. On
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Figure 3. Comparison of MMP secretion and expression in A431-P and A431-III. The conditioned media of A431-P, A431-I, A431-II and A431-III
sub-lines were collected and normalized by cell numbers prior to gelatin zymography analysis. Representative zymograms of gels in the absence (A)
or the presence (B) of the MMP inhibitor EDTA (10 mM) during substrate buffer incubation. Immunoblotting using anti-MMP-9 and MMP-2
antibodies indicated that the 92 and 72 kDa gelatinases were MMP-9 and MMP-2, respectively (C). RT-PCR of MMP-9 and MMP-2 mRNA
expression in A431-P and A431-III, respectively (D).

Figure 4. Pattern of A431-P and A431-III sub-line spreading on fibronection. A431-III cells (panel B) were distinct from A431-P (panel A) in that
they continued to grow and pile up to form a sheet like colony. In the growth of A431-III sub-line, in contrast, the contact between cells was loose.

A B
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Figure 5. Co-cultured A431-P (EGFP-transfected; green) and A431-III (DsRed-transfected; red) cells. A431-P (EGFP-transfected) and A431-III
(DsRed-transfected) cells at 2×105 each were plated in 6-well plates. The cells were allowed to grow for 48 h and then photographed.

Figure 6. A431-III cells show higher attachment and spreading ability. Phase-contrast micrographs of A431-P and A431-III cells (1×105 of each)
cultured in 24-well flask with fibronectin (FN) and bovine serum albumin (BSA) (10 μg/ml), respectively. After 30 min, adherent cells for both
A431-P and A431-III were counted by visual examination with microscopy (panel A). After an additional 15 and 30 min culture, the spread cells were
then examined (panel B) and their number calculated. Panel C represents the average of three independent experiments, in each of which >500
cells were counted. Error bars are SEM.
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Figure 7. Cofocal images of FAK and vinculin distributions in spreading A431-P and A431-III cells. After fixation (5, 30, 60 min of attachment), the
cultures were processed for double immunofluroescence labeling of FAK (green) and vinculin (red). The yellow color indicates the co-localization
of green and red fluorescence. The cytoplasmic protrusions of migrating cells are characterized by vinculin and FAK at the tip of the protrusion.

Figure 8. The A431-III sub-line exhibited rapid cell motility. Both A431-P and A431-III cells (2×105) were plated onto 6-well plates and allowed
to grow in the presence of 10% FBS. After 24 h, a wound assay was created by scratching with a pipette tip and the cells were then allowed to
migrate into the wound area. Phase-contrast images were taken 24 h later to assess cell migration (panel A) and confocal images of phalloidin
(green) and vinculin (red) were shown taken fixation of the culture at the end of 24 h migration (panel B). The mean cell migration distance ± SD
of A431-P and A431-III was calculated (panel C).



initial inspection, we have shown here that the A431-III
cells spread rapidly and form flat cells (Figure 4). In
contrast, A431-P cells showed an increase in cell size as
compared to A431-III (Figure 5). Moreover, with lower
spreading rate and lower cell polarity, A431-P cells also
exhibit an increasing in cell–cell contact. These data
suggest that secretion of MMPs correlates with the degree
of cell spreading, cell adhesion and scattering.

Cell scattering is found to be induced by growth factors
and is thought to involve in disruption of cadherin-
dependent cell–cell junctions (31). Cell adhesion molecules
are also known to be MMP substrates. Cleavage of
E-cadherin and CD44 results in the release of fragments of
extracellular domains and an increase in invasive potential.
Since A431-III cells secrete more MMPs that might cleave
E-cadherin, the result is less cell–cell adhesion. Our Western
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Figure 9. Haptotaxis assays of A431-P and A431-III sub-lines. A431-P and A431-III cells (1×105) were applied to Transwell chambers in a
haptotaxis assay, where the underside of the membrane was coated with fibronectin. Cells migrating to the underside of the chamber were stained
and then were determined by microscopy. Panel A, representative photographs of the cells that migrated to the underside of the membrane. Panel B,
each bar represents mean percentage (±S.E.M) of migrated cells relative to the A431-P value expressed as 100% . Two independent experiments were
performed in triplicate.

Figure 10. Tyrosine phosphorylation of FAK and ERK in A431-P and
A431-III cells. Equal amounts of whole cell lysates extracted from
A431-P and A431-III cells were immunoblotted using site-specific
antibodies to FAK tyrosine residues at 397, 576, 861 and 925. The anti-
ERK and anti-phospho-ERK can be observed. The equal amount of
actin indicates the consistent application of protein in each lane.



blot data indicate that A431-III expressed less E-cadherin
and also supports this contention (data not shown). We
postulated that E-cadherin is a key molecule in cell–cell
adhesion, and disruption of E-cadherin by MMPs is an
important factor in increasing tumor cell invasion potential.
Recent evidence suggests that the loss of E-cadherin
function could cause loss of cell–cell adhesion and might
also deliver signals that actively induce tumor invasion and
metastasis (32). Previously, we had shown that EGF
enhanced MMP-2 and MMP-9 secretion (33). In the present
study, we found that cell migration is functionally related to
ERK phosphorylation (Figures 8 and 10). This was in
agreement with other reports that ERK phosphorylation is
linked to several key events in the transforming process such
as cell migration and invasion (34, 35).

In conclusion, in order to better understand tumor cell
motility, invasion and metastasis, the more invasive tumor
cell population must be separated and studied directly. In this
study, we successfully isolated the A431-III sub-line, which
could serve as a powerful approach in establishing strategies
to block the spread of cancer cells from in situ tumors.
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