
Abstract. The extracellular matrix protein thrombospondin
(TSP) plays an important role in a variety of biological
processes, including cell-cell and cell-matrix interactions. The
biological role of TSP-2 in invasion and metastasis is poorly
understood, while it is known that TSP-1 regulates a proteolytic
cascade that allows tumor cells to invade and metastasize. In
this study, we examined the role of TSP-2 in tumor cell inva-
sion and its association with proteolytic proteins, matrix metal-
loproteinase (MMP) and the plasminogen/plasmin system,
including urokinase-type plasminogen activator (uPA), in the
human pancreatic cancer cell line PANC-1. PANC-1 cells
expressed a low level of TSP-2, but significant levels of TSP-1.
We isolated three clones of PANC-1 transformants stably
overexpressing human TSP-2 (PANC-T). PANC-T highly
expressed the TSP-2 gene and protein, while TSP-1 expression
was not altered. In vitro invasion assays demonstrated that the
invasiveness of PANC-T clones was significantly suppressed
(p<0.05; Welch test). Zymography revealed that restoration of
TSP-2 synthesis in the PANC-T clones significantly inhibited
MMP-9 activity (p<0.05; Welch test). uPA activity in the
PANC-T clones was significantly suppressed (p<0.05; Welch
test). We concluded that restoration of TSP-2 can inhibit cell
invasion through the down-regulation of MMP-9 and uPA
activity in pancreatic cancer cell lines. Thus, TSP-2 may be a
potent inhibitor of metastasis in pancreatic cancer.

Introduction

Pancreatic cancer is the fourth leading cause of cancer-related
death in men and women in developed countries, and its inci-
dence seems to be increasing (1). Despite advances in diagnosis
and staging, the overall 5-year survival rate for patients diag-
nosed with this deadly cancer averages less than 1%. Only 10%
of pancreatic cancer patients have a localized disease amenable
to surgical resection at the time of diagnosis. This has been
explained by the difficulty of early detection of the neoplastic
process, lack of effective treatment and limited knowledge of
the specific biological features of pancreatic cancer (2).

Thrombospondin (TSP) is a family of glycoproteins and has
at least five subtypes encoded by independent genes. Among
the TSPs, TSP-1 and -2 contain three properdin-like type-1
repeats (TSR), unlike other TSPs (3-8). Accumulating evidence
suggests that TSP-1 functions as a modulator of tumor meta-
stasis and angiogenesis, up-regulating tumor cell invasion
through the modulation of matrix metalloproteinase (MMP)-9
and the plasminogen/plasmin system. Meanwhile, TSP-2 has
recently attracted attention as an endogenous negative regulator
of angiogenesis in tumorigenesis (9,10). As it shows poor
sequence homology to TSP-1 in the procollagen region, but
good homology in the TSR region, it has been suggested that
the anti-angiogenic activity of TSP-2 maps to the TSR region
(11). There have been a number of reports concerning the
biological activities of TSP-2. Murine and bovine TSP-2
protein inhibits the migration of bovine adrenal capillary
endothelial cells and neovascularization induced in the rat
cornea (3). In vivo tumor growth and the angiogenesis of
human squamous cell carcinoma cell lines was inhibited by
transfection with murine TSP-2 complementary DNA (cDNA)
(4). Further functions and properties of TSP-2 with respect to
tumor progression are not well understood compared to those
of TSP-1 (12-14).

Invasion and metastasis are hallmarks of malignant tumors,
and both involve multiple processes. Before they can invade
tissues and metastasize, tumor cells must cross the extracellular
matrix, which consists of combinations of proteinaceous fibers
and carbohydrate macromolecules. Several classes of proteases
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may be involved in the proteolytic events which occur during
tumor invasion (15). Of particular significance are the serine
proteinases, such as urokinase-type plasminogen activator
(uPA), and MMPs, especially MMP-9. The enzyme uPA
converts the inactive proenzyme plasminogen into the potent
general protease plasmin. Plasmin is now known to activate
the precursors of MMPs, thereby greatly extending the range
of susceptible substrates (16). In our previous report, human
colon cancer cell lines transfected with human TSP-2 cDNA
showed down-regulation of MMP-2 and MMP-9 mRNAs
(17,18). These results suggest that TSP-2, as well as TSP-1,
may play an important role as a potent inhibitor of tumor
metastasis.

In this study, we isolated and transfected human TSP-2
cDNA into PANC-1, which expressed a low level of TSP-2
mRNA, and examined the role of TSP-2 in tumor cell invasion
and the regulation of MMP-9 and uPA in pancreatic cancer.

Materials and methods

Cell lines. Human pancreatic cancer cell lines PANC-1 (poorly-
differentiated), MIA PaCa-2 (undifferentiated), Capan-2
(well-differentiated) and BxPC-3 (well-differentiated) were
obtained from American Type Culture Collection (ATCC;
Rockville, MD). PANC-1 and MIA PaCa-2 were cultured in
DMEM supplemented with 10% fetal bovine serum, and
Capan-2 and BxPC-3 were cultured in RPMI-1640 supple-
mented with 10% fetal bovine serum. All cell lines were
maintained at 37˚C in a humidified 5% CO2 plus 95% air
atmosphere.

Real-time polymerase chain reaction (PCR). Total cellular
RNA from pancreatic cancer cells was isolated by standard
acid guanidine isothiocyanate-phenol-chloroform extraction
procedures. After heat-denaturation of total RNA specimens
(1 μg), reverse transcription was performed using 10 mM DTT,
(Invitrogen Corp., Carlsbad, CA) 0.2 mM dNTPs (Toyobo Co.,
Osaka, Japan) 100 pmol of Primer, Random PD (N6) (Roche
Diagnostics Co., Hague Road, Indianapolis, IN) and 200 U of
SuperscriptTM II RNase H- Reverse Transcriptase (Invitrogen)
at 42˚C for 60 min (19,20). Real-time quantitative PCR for
TSP-1 and -2 was performed as previously described (21).
ß-actin-probe-primer mix (PE Applied Biosystems) was used
as an internal control.

Transfection of human TSP-2 cDNA. The human TSP-2 cDNA
expression vector was previously constructed in our laboratory.
PANC-1 cells were transfected with the human TSP-2 expres-
sion plasmid or vector alone plasmid, using Lipofectin®

Reagent (Invitrogen) according to the manufacturer's recom-
mendations. Stable transfectants were selected with 600 μg/ml
G418 for 4-8 weeks, and resistant clones were isolated and
used for experiments.

Cell viability. Cells were seeded at 1x104 cells/well in 6-well
plates. Cell number was determined by trypan blue exclusion
with a hemacytometer at 5 time points over 96 h. Triplicate
cultures of each cell line were prepared at all time points.

Western blot analysis. Western blot analysis was performed
to examine TSP-2 protein secretion in conditioned media as

previously described (22). Briefly, samples of conditioned
media were boiled in denaturing sample buffer and fraction-
ated by electrophoresis on 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gels, then transferred to nitrocellulose
membranes (ECL membrane; Amersham Pharmacia Biotech,
Buckinghamshire, UK). The following primary antibodies
were used for detection: TSP-1 and -2 (Santa Cruz Biotech-
nology Inc., Santa Cruz, CA). The proteins were detected
using appropriate horseradish peroxidase-conjugated secondary
antibodies and visualized on enhanced chemiluminescence film
(Hyperfilm; Amersham) by application of Amersham's Enhan-
ced Chemiluminescence Western Blotting Detection System.

Tumor cell invasion assay. Invasion was assayed in BD
BioCoat™ Matrigel™ Invasion Chambers (24-well, 8-μm
pore, Becton-Dickinson Labware, Bedford, MA). Control
insert chambers were used for the migration assay. DMEM
supplemented with 5% FBS was used as a chemoattractant.
Cells (2.5x103) were suspended in serum-free DMEM and
seeded onto invasion chambers and control chambers. After
24 h of incubation, cells were fixed with methanol and stained
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Figure 1. Constitutive expression of TSP-1 and -2 in human pancreatic cancer
cell lines. The gene expression in four pancreatic cancer cell lines, MIA
PaCa-2, PANC-1, BxPC-3 and Capan-2, was examined by quantitative real-
time PCR. TSP-1 mRNA were strongly expressed by Capan-2, but were
observed at low levels in MIA PaCa-2, PANC-1 and BxPC-3. A low level or
no expression of TSP-2 mRNA was detected in all four cell lines.

Figure 2. Cell growth of PANC-1 cells transfected with vector only (PANC-C)
or human TSP-2 expression vector (PANC-T). No significant difference in
cell growth between PANC-C cells (C1 and C2) and PANC-T cells (T2, T6
and T10) was observed over a 96-h period.

423-427  7/4/08  16:01  Page 424



with crystal violet for 15 min. Cells remaining on the upper
face of the membranes were scraped and those on the lower
face were counted using an inverted microscope. All assays
were performed in triplicate. The counting was performed for
3 fields in each sample and the experiment was conducted 3
times. Cellular invasiveness was normalized to the number of
cells that had migrated through the Matrigel.

Zymography. The expression of MMP-9 in conditioned media
was analyzed by gelatin zymography (23). The conditioned
media of each type of cell were mixed with sample buffer
(4.5% SDS, 0.125 M Tris-HCl, 22% glycerol, 0.01% bromo-
phenol blue). Electrophoresis was carried out on 0.1% SDS
10% polyacrylamide gels containing 1 mg/ml of gelatin. Fol-
lowing electrophoresis, the gel was rinsed twice with renaturing
buffer (2.5% Triton X-100/50 mM Tris-HCl, pH 7.4) and incu-
bated at 37˚C for 16 h in developing buffer (150 mM NaCl/
10 mM CaCl2/0.05% NaN3/50 mM Tris-HCl, pH 7.4). White
lysis zones in gelatin zymography indicated degrading activity.

Enzyme-linked immunosorbent assay (ELISA). The uPA
concentration in conditioned media was measured using an
Imubind Total uPA ELISA Kit (American Diagnostica Inc.,
Greenwich, CT). The lower limit of detection of the assays
was 0.1 ng total uPA ml/sample. Assay procedures were per-
formed according to the vendor's instructions. Results shown
are the average of three separate determinations.

Statistical analysis. Statistical comparisons of data sets to the
control (PANC-C) were performed by the 2-sample t-test for
inequality distribution (Welch test). Data are shown as the
means ± standard error of mean (SEM). The analyses were
performed using JMP version 5 software (SAS Institute Inc.,
Cary, NC). p-values <0.05 were considered statistically
significant.

Results

Constitutive expression of TSP-1 and -2 in human pancreatic
cancer cell lines. The expression of TSP-1 and -2 mRNA
was examined in four human pancreatic cancer cell lines by
quantitative real-time PCR. Capan-2, PANC-1 and BxPC-3
expressed TSP-1 mRNA, but little expression was observed
in MIA PaCa-2 (Fig. 1). Meanwhile, very low levels or no
expression of TSP-2 mRNA were detected in all four cell
lines. The protein levels of secreted TSP-1 and -2 were also
confirmed by Western blot analysis (data not shown), and the
protein levels in each pancreatic cancer cell line reflected the
respective mRNA levels.

Expression of TSP-1 and -2 in TSP-2-transfected PANC-1
(PANC-T) cells. We transfected TSP-2 cDNA into the human
pancreatic cell line PANC-1 and established TSP-2-over-
expressing clones (PANC-T). There was no significant dif-
ference in cell growth among three such clones derived from
PANC-T (T2, T6 and T10) (Fig. 2). The gene expression
levels of TSP-2 in these clones were confirmed by real-time
RT-PCR. None of these clones showed marked expression of
TSP-1, while all three TSP-2-transfectants (T2, T6 and T10)
showed significantly stronger expression of TSP-2 mRNA (T2,
0.36±0.59x10-1; T6, 0.59±0.17x10-2; T10, 0.18±0.23x10-1) than

vector-transfectants (C1, 0.12x10-4±0.34; C2, 0.52x10-5±0.0)
(Fig. 3A). Western blot analysis confirmed the increased
protein levels of TSP-2 in TSP-2-transfectants (Fig. 3B).

Effect of TSP-2 expression on the cellular invasiveness of
PANC-1 cells. To investigate the invasion ability of PANC-1
cells to overexpress TSP-2 (PANC-T), Matrigel™ Invasion
Assays were performed (Fig. 4A). The propensity of cells to
penetrate through basement membrane-simulating Matrigel
was used as an index of cellular invasive potential. The cel-
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Figure 3. Expression of TSP-1 and -2 in PANC-1 clones stably transfected with
TSP-2. Gene expression in PANC-C cells (C1 and C2) and PANC-T cells
(T2, T6 and T10) was examined by quantitative real-time PCR. (A) Little or
no TSP-2 mRNA expression was detected in either PANC-C or -T clones.
Overexpression of TSP-2 mRNA was confirmed in PANC-T clones, but
almost no expression of TSP-2 mRNA was observed. (B) Western blot
analysis of conditioned media also confirmed high levels of TSP-2 secretion
in PANC-T clones and no TSP-2 secretion in PANC-C clones.

Figure 4. Effect of TSP-2 expression on cellular invasiveness, MMP-9 and
uPA activities in PANC-1 cells. (A) Invasion was assayed in BD BioCoat™
Matrigel™ Invasion Chambers. Cellular invasiveness was normalized to the
number of each type of cells that had migrated through the Matrigel. This
revealed significant differences between PANC-C and -T cells (p<0.05 in T2,
T6 and T10; Welch test). (B) The expression of MMP-9 in conditioned media
was analyzed by gelatin zymography. MMP-9 showed significantly lower
activity in the conditioned media of PANC-T than -C clones. (C) uPA concen-
tration in the conditioned media of PANC-C and -T clones was measured
using a total uPA ELISA Kit. Concentrations were: C1, 4.57±0.18 ng/ml; C2,
5.27±0.1; T2, 3.30±0.1; T6, 3.83±0.17; T10, 3.14±0.57. T2 and T10 showed
significantly lower levels of uPA than the control cells (p<0.05; Welch test).
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lular invasiveness of each type of cell was as follows: C1,
0.52±0.07%; C2, 0.57±0.02%; T2, 0.13±0.02%; T6,
0.07±0.001%; T10, 0.11±0.01%. These results reveal the
significant suppression of the invasiveness of the pancreatic
cancer cell lines expressing TSP-2 in comparison with
PANC-C (p<0.05 in T2, T6 and T10; Welch test).

Effect of TSP-2 expression on MMP-9 and uPA activity in
PANC-1 cells. To assess the effects of TSP-2 on pancreatic
cancer cell invasiveness, we first determined MMP-9 activity
in PANC-T cells. Gelatin-zymography analysis of MMP-9 in
the conditioned media of PANC-T clones showed significantly
lower activity than in the media of PANC-C clones (Fig. 4B).
Because uPA is also known to be involved in the breakdown
of the extracellular matrix, resulting in tumor cell invasion, we
then examined the total amount of uPA in the conditioned
media by ELISA. The concentrations were as follows: C1,
4.57±0.18 ng/ml; C2, 5.27±0.1; T2, 3.30±0.1; T6, 3.83±0.17
T10, 3.14±0.57. T2 and T10 showed significantly lower levels
of uPA in the medium (p<0.05; Welch test) (Fig. 4C).

Discussion

In the present study, we examined the biological roles of TSP-2
in human PANC-1 pancreatic cancer cells. We isolated three
clones of PANC-1 transformants stably overexpressing human
TSP-2 (PANC-T). The invasiveness of the PANC-T clones
was significantly suppressed in in vitro invasion assays. The
restoration of TSP-2 synthesis significantly inhibited MMP-9
and uPA activity in the PANC-T clones. These results suggest
that restoration of TSP-2 can inhibit cell invasion through the
down-regulation of MMP-9 and uPA activity in pancreatic
cancer.

The effect of TSP-2 on the metastasis of pancreatic cancer
cells is not known in detail, while the biological function of
tumor cell-produced TSP-1 has provided evidence supporting
its role in tumor progression. To determine the role of TSP-2 in
pancreatic cancer tumor progression, we established PANC-1
transformants which stably overexpressed TSP-2. TSP-1
expression was observed in neither the control nor TSP-2-
transfected cells. The process by which epithelial cancer cells
metastasize is hypothesized to consist of a series of linked
sequential steps, the most critical of these being cellular inva-
sion through the basement membrane. Our findings indicate
that the cellular invasiveness of TSP-2-overexpressing tumor
cells was obviously decreased. This suggests that secreted
TSP-2 might affect tumor cells, inhibiting their invasion.

As a possible mechanism underlining the difference in
tumor invasiveness, we focused on the role of MMPs (15).
MMPs and matrix serine proteases are known to be major
groups of secretory proteinases that play essential roles in
various physiological and pathological processes, including
tumor invasion and metastasis. The proteolytic plasminogen
activation system plays an important role in the invasion and
metastasis of pancreatic cancer (24). Two functionally and
structurally different PAs, uPA and tPA, are both capable not
only of catalyzing the conversion of the inactive zymogene
plasminogen to the active proteinase plasmin, but also of
degrading extracellular matrix macromolecules. Moreover,
uPA is a potent activator of many latent MMPs, and in general

the activities of MMPs and uPA are known to parallel the
potential for tumor invasion and metastasis (25-27). In our
previous study, TSP-2-transfected colon cancer cells showed
decreased expression of MMP-2 and -9 mRNA in comparison
to the control cells (17), and TSP-2 protein was shown to be
involved in the regulation of metalloproteinase activity by
inhibiting zymogen activation (28). In this study, our results
demonstrate that MMP-9 activity is significantly suppressed in
TSP-2-overexpressing PANC-1 cells. This suggests the possi-
bility of a close relationship between TSP-2 and the modu-
lation of MMP-9 and uPA. Regarding their inhibitor, we have
also reported that TSP-2-transfected SW480 cells exhibit
preservation of the expression of TIMP-1 to -3 mRNA (17).

TSP-1 and -2 have a high degree of sequence homology;
however, they differ significantly in the amino-terminal
heparin-binding domain (3-5). As the tissue-specific and
developmental patterns of the thrombospondins differ,
expression of these gene products is likely to be subject to
different regulatory controls. TSP-1 expression in pancreatic
cancer cells has been demonstrated in previous studies. Qian
et al (29) reported that 85% of cases of pancreatic adeno-
carcinomas exhibited high expression of TSP-1 by immuno-
staining. Meanwhile, the expression pattern and significance of
TSP-2 in pancreatic cancer is not known. In this study, three
of the four pancreatic cancer cell lines examined exhibited
significant TSP-1 expression, while none showed expression
of TSP-2. We confirmed the constitutive gene expression of
TSP-1 and -2 in four pancreatic cancer cell lines.

In conclusion, our results suggest that TSP-2 acts as a
potent inhibitor of tumor cell invasion through the modulation
of MMPs in pancreatic cancer. The potential usefulness of
TSP-2 as a therapeutic agent for pancreatic cancer warrants
further investigation.
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