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Abstract

Prodigiosin, a bacterial metabolite, was reported to have immunosuppressive and anticancer activities. In this study, we investigated
novel functions of prodigiosin about anti-metastasis and anti-invasion. Prodigiosin dose-dependently inhibited 95-D cells’ migration and
invasion according to wound healing assay and the Transwell assay. The inhibitive effect could reach about 50% when cells were treated
with 5 uM prodigiosin for 12 h. In animal experiment, intraperitoneal administration of 5 mg kg~! prodigiosin decreased the number of
metastatic nodules by 53% and elevated the survival rate of mice about one-fold comparing with control group. Results of cell aggregation
and adhesion assay showed that prodigiosin could promote cell aggregation and simultaneously inhibit cell from adhering to extracellular
matrix (ECM). In addition, prodigiosin suppressed RhoA gene expression, hence, decreased protein level of RhoA in 95-D cells,
according to RT-PCR assay and Western blot assay. Gel zymogram assay revealed that prodigiosin could suppress the activity of matrix
metalloproteinase-2 (MMP-2). These results demonstrate that prodigiosin effectively inhibit tumor metastasis in vitro and in vivo.
The action mechanisms of prodigiosin are associated with the promotion of cell aggregation and the inhibition of various steps in
cell invasive process, which include the inhibition of cell adhesion and mobility in a RhoA-dependent way and the suppression of

MMP-2 ability.
© 2004 Published by Elsevier Inc.

Keywords: Prodigiosin; Metastasis; Invasion; MMPs; RhoA

A family of natural red pigments called prodigiosins is
synthesized from various bacteria such as Serratia mar-
cescens [1]. The members of this family include prodi-
giosin, cycloprodigiosin hydrochloride (cPrG-HCl),
uncedylprodigiosin, metacycloprodigiosin and desmethox-
yprodigiosin. Prodigiosin, with methoxypyrrole ring in its
structure, has several biological activities such as immu-
nomodulatory, antibacterial, antimycotic and antimalarial
activities and so on [2,3]. Recently, lots of studies [4-7]
imply that prodigiosin has a massive potential in cancer
chemotherapy, which draws increasing public attention.
The studies on its anticancer effect mainly focus on indu-
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cing apoptosis. It has been reported that prodigiosin could
induce apoptosis in various kinds of cancer cells, such as
haematopoietic, colorectal and gastric cancer cells [4-6].
However, the inhibitory effects of prodigiosin on metas-
tasis and invasion, and the underlying mechanism have not
been elucidated.

Metastasis is one of the major causes of mortality in
cancer patients [8]. However, the treatment to metastasis is
still far from satisfactory. Lack of effective drugs should be
responsible for this worrying phenomenon. So it is critical
to find new effective drugs to fight against metastasis. The
invasion of tumor cells into adjacent tissue is a crucial
event in metastasis. Invasion of tumor cells involves multi-
ple processes that depend on specific cell-to-cell and cell-
to-ECM (extracellular matrix) interactions [9]. These inter-
actions are mediated directly by specific adhesion recep-
tors and indirectly by extracellular proteinases that mediate
degradation of the ECM [9]. Several reports have indicated
that RhoA protein, an important signal molecule, is
required for cell adhesion and consequently influences
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many aspects of cell shape and movement [10-12]. In
addition, matrix metalloproteinases (MMPs), a well-
known family of zinc-binding enzymes, plays an important
role in the process of cleaving ECM components. The
expression levels of MMPs are correlated with tumor
invasiveness [13].

So far, there has been no report on antimetastatic ability
of prodigiosin. Therefore, in the present study, we exam-
ined the effect of prodigiosin on metastasis of cancer cells
in vitro and in vivo, and further investigated the antimeta-
static mechanisms of it with special reference to the
process of cell invasion.

1. Materials and methods
1.1. Materials

Prodigiosin was kindly provided by Dr. Yaling Shen
(East China University of Science and Technology). Its
purity >90%.

1.2. Cells and animals

Human highly metastatic lung carcinoma 95-D cells and
the highly metastatic substrain B16BL6 of mouse mela-
noma B16 cells were obtained from Cell Bank of Chinese
Academic of Science and were cultured in RPMI Medium
1640 (GIBCO Industries Inc.) and 10% (v/v) dialyzed heat-
inactivated bovine serum (BS) (GIBCO Industries Inc.) at
37 °C in a humidified atmosphere of 95% air and 5% CO..
Male C57BL/6 mice (6 weeks old) were obtained form the
Animal Center of Chinese Academic of Science, and
maintained on standard chow and water.

1.3. Wound healing assay

For wound healing assay, cells were plated in 24-well
microtiter cell culture plates. A plastic pipette tip was
drawn across the center of the plate to produce a clean
1 mm-wide wound area after the cells have reached con-
fluence. After a 12 h culturing in RPMI Medium 1640
containing 10% (v/v) BS and different concentrations of
prodigiosin, cell movement into the wound area was
examined. The migration distances between the leading
edge of the migrating cells and the edge of the wound
were compared [14]. Migration rate = (migration distances
of drug treated cells/migration distances of untreated
cells) x 100%.

1.4. Invasion assay

Invasiveness into the reconstituted basement membrane
Matrigel® (Becton Dickinson Labware) [15,16] was
assayed. Cells were incubated with or without different
concentrations of prodigiosin for 12 h, and trypsinized to

form single-cell suspension in RPMI Medium 1640
(serum-free), which was added into the upper compartment
of a Transwell cell culture chamber. 10% (v/v) BS in
culture medium was used as chemo-attractant in the lower
chamber. After 8 h of incubation, cells remaining on the
upper surface of the membrane were removed with a cotton
swab. Cells that invaded through the Matrigel ®-precoated
membrane filter (Becton Dickinson Labware) were fixed,
stained and then counted with a microscope.

1.5. Assay of tumor metastasis in an animal model

For injection into mice, cultured B16BL6 cells were
detached with trypsin solution, washed twice with PBS,
and diluted to a cell density of 5 x 10> cells mL™" in PBS.
A portion (0.2 mL) was inoculated into 6-week-old male
C57BL/6 mice via the tail vein. Next day, the drug treat-
ment was started. Animals were divided into five groups of
seven animals each. Drugs were dissolved in normal saline
containing 0.4% (v/v) Tween 80, and injected intraperito-
neally (i.p.) into mice once a day for 2 weeks. Control
group was i.p. administered vehicle alone. After 3 weeks
mice were sacrificed and their lungs were excised, rinsed,
and fixed in Bouin’s solution. The total number of visible
nodules on the lung surface per mice was counted.

1.6. Cell aggregation assay

The cell aggregation assay was performed essentially as
described previously [17]. Briefly, a single-cell suspension
was obtained through standard trypsinization procedures.
A total of 2 x 10° cells in 1 mL of RPMI Medium 1640
(serum-free) with or without different concentrations of
prodigiosin was placed in polystyrene microtubes and
shake gently every 5 min for 1h at 37 °C. At the end
glutaraldehyde (at a final concentration of 2% (v/v)) was
added to stop the aggregation process. The percentage of
aggregated cells was calculated as (1 — Ne/Nc) x 100%,
where Ne is the number of single cells after incubation at
37 °C and Nc is the number of single cells before incuba-
tion.

1.7. Cell adhesion assay

95-D cells were pre-treated with or without different
concentrations of prodigiosin for 12 h. Then cells were
suspended in serum-free RPMI Medium 1640 to form a
single-cell suspension, and were seeded into 96-well
microtiter cell culture plates that had been precoated with
Matrigelg{’ (Becton Dickinson Labware). After a 45 min
incubation at 37 °C, the wells were washed three times
with PBS to remove non-adherent cells. 10 uM of MTT
was added to each well for an additional 4 h. The blue MTT
formazan precipitate was dissolved in 100 wL of DMSO
and the absorbance at 570 nm was measured on a micro-
plate reader (Bio-Rad Laboratories).
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1.8. Western blot analysis of RhoA

95-D cells (1 x 10%) were placed in culture dish
(10 cm), and treated with or without different concentra-
tions of prodigiosin for 24 h. Cells were washed with PBS
twice and extracted in a lysis buffer [10 mM Tris—HCI
(pH 7.5) containing 50 mM NaCl, 50 mM NaF, 10 mM
EDTA, 1 mM DTT, 1% (v/v) Triton X-100, 0.1% (m/v)
SDS, 1% (m/v) sodium deoxycholate, 1 mM phenyl-
methylsulfonyl fluoride, 5 mM leupeptin, and 10 mg mL ™"
1 aprotinin] for 30 min in ice. The lysates were centrifuged
to remove insoluble materials, normalized according to
their protein content. Then equal amounts of proteins
(30 pg) were separated by SDS-polyacrylamide gel elec-
trophoresis and blotted onto a PVDF membrane
(Amresco). After blocking for 1 h at room temperature
using PBST buffer (PBS buffer plus 0.1% (v/v) Tween-20)
containing 3% (m/v) BSA, the filter was then applied
sequentially with mouse monoclonal anti-RhoA antibody
(diluted 1:500; Santa Cruz Biotechnology), and secondary
antibody conjugated horseradish peroxidase (diluted
1:500; Santa Cruz Biotechnology). Then the blots were
visualized with enhanced chemiluminescence detection
and imagined on KodakTM X-OMAT film.

1.9. RhoA mRNA detection by RT-PCR

95-D cells were administered with prodigiosin similar to
the Western blot assay. Total RNA was isolated using
TRIzol™ reagent (Promega Corporation) and then
reverse-transcribed using reverse transcription system
(Promega Corporation). An aliquot (4 pL) of RT product
was used for PCR amplication in a total volume of 20 pL.
RhoA cDNA (417 bp) was amplified using the sense
primer 5-ACC AGT TCC CAG AGG TGT ATGT-3
and the antisense primer 5-TTT GGT CTT TGC TGA
ACA CT-3' and GAPDH was used as the load control. The
thermal cycle profile used in this study was (1) denaturing
for 30 s at 94 °C, (2) annealing primers for 90 s at 55 °C
and (3) extending the primers for 30s at 72 °C. PCR
amplification was performed for 30 cycles and a portion
(10 uL) of the PCR mixture was visualized by electro-

Table 1
Antimetastatic effect of prodigiosin in vivo

phoresis in 1.2% agarose gel containing 0.2% ethidium
bromide. The gel was photographed and then quantita-
tively measured by scanning densitometry.

1.10. Gel zymogram

Proteins with gelatinolytic activity were identified by
electrophoresis in the presence of SDS in 9% polyacryla-
mide gels containing 0.1% (m/v) gelatin. Equal volume of
cell culture medium was obtained from cultured 95-D cells
in serum-free RPMI Medium 1640 with or without differ-
ent concentrations of prodigiosin for 24 h. Cultured media
were concentrated two-fold and mixed with Laemmeli’s
sample buffer in the absence of 3-mercaptoethanol, loaded
onto gels and electrophoresed. After PAGE, the gel was
washed with 2.5% (v/v) Triton X-100 and incubated in the
buffer, pH 7.4, containing 50 mM Tris, 10 mM Cacl,,
10 wM Zncl, for 16 h at 37 °C. Clear bands of gelatinolytic
activity were visualized after staining the gel with Coo-
massie blue. The gel was photographed and then quantita-
tively measured by scanning densitometry.

1.11. Statistical analysis

Experimental values are expressed as the mean &+ S.D.
By scientific statistic software GraphPad Instat version
2.04, One-way ANOVA assay was used to evaluate the
significance of differences between groups with statistical
significance considered as “p <0.05, “p < 0.0l or

ek

p < 0.001.

2. Results

2.1. Effect of prodigiosin on the migration and invasion of
95-D cells in vitro

To evaluate the antimetastatic activity of prodigiosin, we
first assessed the inhibitory effect of prodigiosin on the
migration and invasion of 95-D cells by the wound
healing assay and the Transwell assay. As shown in
Fig. 1A, the cellular motility was obviously inhibited in

Group Treatment Number of lung nodules Survival rate® (%)
1 Control 72.00 + 16.90° 43
2 Prodigiosin (2.5 mg kg™ per day) 54.50 £9.90 86
3 Prodigiosin (5 mg kg~' per day) 34.00 £ 13.10"™" 86
4 Prodigiosin (10 mg kg~ ' per day) 18.50 & 5.43"" 100
5 Vinblastin (2 mg kg~" per day) 15.75 + 8.98"" 86

Seven C57BL6 mice per group were inoculated i.v. with BI6BL6 cells (10° cells per mouse) and then injected i.p. with drugs for 2 weeks, and then sacrificed at
the end of 3 weeks. Experiments were repeated two times with similar results. The data shown are results of a representative experiment.
? The numbers indicated the percentage of surviving mice at the end of the experiment.

® Mean + S.D. for each group of mice.
** p < 0.001 significantly different from control group.
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Fig. 1. Effect of prodigiosin on migration and invasion of 95-D cells. (A)
Effect of prodigiosin on migration was tested by wound healing assays. A
wound was introduced by scraping with a pipette tip when the cells have
reached confluence. After 12 h incubation with or without different con-
centrations of prodigiosin, the migration distances were measured. Migra-
tion rate = (migration distances of drug treated cells/migration distances of
untreated cells) x 100% [the cell migration distances in various teams in
sequence are 1.94, 1.12, 0.95, 0.58, 0.35 mm]. (B) Effect of prodigiosin on
invasion. 95-D cells were pretreated with or without different concentrations
of prodigiosin for 12 h.Then cells were seeded into the upper compartment
of a Transwell cell culture chamber. After 8 h of incubation, the invading
cells on the lower surface were dyed and counted. Invasion rate = (the
number of invading cells in drug treated team/the number of invading cells
in untreated team) X 100% [the number of invading cells in various teams in
sequence is 200, 110, 88, 73 and 46]. Experiments were repeated indepen-
dently three times with similar results. The data shown are results of a
representative experiment. All data were presented as the mean £ S.D. of
five parallel samples in each team. Statistical significance of differences
between untreated and treated cells with prodigiosin was assayed (one-way

ANOVA), “p < 0.001.

a dose-dependent manner by prodigiosin. Prodigiosin at
2.5 oM decreased the migration of 95-D cell by 42%
(p < 0.001), and the ECsq (half effective concentration
means the concentration of the drug when drug’s effect
reaches 50% compared with control) of prodigiosin was
about 4.66 M. Similarly, the results of the Transwell
assay also showed that prodigiosin could inhibit the inva-
sion of 95-D cells in a dose-dependent manner, and by 56%
at 5 uM prodigiosin (Fig. 1B). Within the range of dose in

experiments, prodigiosin did not exhibit obviously cyto-
toxicity as determined by the trypan blue exclusion assay
(data not shown).

2.2. Effect of prodigiosin on pulmonary metastasis and
host survival

Since pulmonary metastasis of mouse melanoma is an
acknowledged animal model about metastasis, we choose
it to further test the antimetastatic ability of prodigiosin in
vivo. For mice that were inoculated with mouse melanoma
B16BL6 cells, pulmonary metastatic foci were markedly
decreased by intraperitoneally administration with prodi-
giosin. And as seen in Table 1, this inhibitory effect on
pulmonary metastasis was observed in a dose-dependent
manner. The inhibitory rate of formation of metastatic
nodules reached 53% in the case of administration with
5 mg kg~ 'prodigiosin. In addition, the survival rate of
mice was elevated from 43% (group 1, negative control),
to 86% (group 2), and 100% (group 4) at the end. Prodi-
giosin did not cause body weight loss in mice during the
whole treating period (data not shown), which suggests that
the treatment of prodigiosin was tolerated well by these
experimental animals.

2.3. Effect of prodigiosin on cell aggregation and
adhesion

On the base of the data in Fig. 1 and Table 1,we
examined action mechanisms of antimetastasis of prodi-
giosin. Previous studies have demonstrated that cell—cell
interactions and cancer cell adhesion to ECM components
play important roles in caner metastasis [18]. Fig. 2A
showed that prodigiosin promoted spontaneous cell aggre-
gation in a dose-dependent manner. Following the treat-
ment with increasing concentrations of prodigiosin, the
cell polymers grew larger. The percentage of aggregated
cells was about 50% when cells were treated with 2.5 pM
of prodigiosin.

On the other hand, we examined the effects of prodi-
giosin on 95-D cell adhesion to ECM proteins. Prodigiosin
showed an inhibition of Matrigel ®-mediated attachment of
95-D cells with the ECsq value of 2.5 uM (Fig. 2B).

2.4. Effect of prodigiosin on RhoA expression

RhoA regulates signal transduction pathways that are
required for cell adhesion and migration [12]. To determine
the effect of prodigiosin on the expression of RhoA protein
in 95-D cells, Western blot analysis was carried out.
Compared to control, the RhoA protein level in the cells
treated with different concentrations of prodigiosin was
decreased in a dose-dependant manner (Fig. 3). As
assessed by scanning densitometry, the RhoA expression
was inhibited by 45% when cells were incubated with
10 uwM of prodigiosin for 24 h.



J. Zhang et al./Biochemical Pharmacology 69 (2005) 407-414 411

=
o
b}
o

°
5 A
§ €
<
Rl o
) 0 2.5 5 10 15 (UM)
Prodigiosin
120 +
120 1
100
100 S kkok
:80—
80‘ Hkok g
=
g
Bi sk ks 60 1
E 60 4 EE sk
= =
E& 2 40+ ek
5iy 40 4 g
2 2
< 20
20 1
0. : | : " 0 —T —T—T
0 2 4 6 8 10 12 14 16 g8 10 12 14 16
(B) Concentration (M) Concentration (¢M)

Fig. 2. Effect of prodigiosin on cell aggregation and adhesion. (A) Effect of prodigiosin on cell aggregation. 95-D cell suspensions were treated with serum-free
RPMI Medium 1640 containing different concentrations of prodigiosin for 1 h, and then cells were photographed and counted. The percentage of aggregated
cells was calculated as (1 — Ne/Nc) x 100%, where Ne is the number of single cells after incubation at 37 °C and Nc is the number of single cells before
incubation. The scale indicates 50 wm. (B) Effect of prodigiosin on cell adhesion on Matrigel ®. 95-D cells were treated with or without different concentrations
of prodigiosin for 12 h and placed onto the wells precoated with Matrigel . After a 45 min incubation at 37 °C, the amount of adhering cells were determined by
MTT method. Adhesion rate = (absorbance of drug treated team/absorbance of untreated team) x 100% [the absolute values of absorbance in various teams in
sequence are 0.408, 0.207, 0.191, 0.149, and 0.109]. Experiments were repeated independently three times with similar results. The data shown are results of a
representative experiment. All data were presented as the mean + S.D. of five parallel samples in each team. Statistical significance of differences between

untreated and treated cells with prodigiosin was assayed (one-way ANOVA), “"p < 0.001.

We further investigated the effect of prodigiosin on the revealed a 43% inhibition of MMP-2 activity in the cells
mRNA level of RhoA. The synthesis of RhoA mRNA in pretreated with10 uM of prodigiosin.
95-D cells pretreated with prodigiosin for 24 h was also
inhibited in a dose-dependent manner, as determined by

RT-PCR analysis (Fig. 4). Electrophoresis scanning quan- 3. Discussion
titative analysis indicated that 10 uM prodigiosin could
reduce the mRNA level of RhoA by 52%. Metastasis is one of the important factors related to
cancer therapeutic efficacy and prognostic survival [19]. In
2.5. Effect of prodigiosin on degradation of the cancer research, it is one of the most active fields to
extracellular matrix develop novel antimetastatic drugs with low toxicity and
high efficacy. In this study, using wound healing assay and
We finally tested the effects of prodigiosin on ECM Transwell assay, we found that prodigiosin could effec-
degradation catalyzed by matrix metalloproteases (MMPs) tively inhibit migration of tumor cells in vitro with ECs
with gel zymogram. Fig. 5 showed that gelatin zymogram less than 5 wM (Fig. 1). The formation of metastasis is the
of concentrated serum-free conditioned medium revealed result of a series of complex interactions between tumor
the bands of lysis at 72 kDa (MMP-2). The activity of cells and environment in host [20]. In addition, the envir-
gelatinase was markedly decreased in secretions from onment in host also influences the process of drug getting

prodigiosin-treated cells, and the subsequent densitometry to its target. So taking the influence of host into account, we
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Fig. 3. Effect of prodigiosin on expression of RhoA protein. 95-D cells
were treated with or without different concentrations of prodigiosin for 24 h.
Equal amount of cellular proteins were separated on SDS-PAGE and blotted
with anti-RhoA antibody, and secondary antibody conjugated horseradish
peroxidase. Then the blots were visualized with enhanced chemilumines-
cence detection and imagined on KodakTM X-OMAT film. The film was
quantitatively measured by scanning densitometry. Experiments were
repeated independently three times with similar results.
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Fig. 4. Effect of prodigiosin on mRNA level of RhoA in 95-D cells. RT-
PCR analysis was carried out after the cells were treated with or without
different concentrations of prodigiosin for 24 h. After electrophoresis, the
gel was photographed and then quantitatively measured by scanning
densitometry. GAPDH was used as the load control. Experiments were
repeated independently three times with similar results.

Prodigiosin

0 25 5 10 15 (uM)

4-72 kDa MMP-2

MMP -2 Relative Activity (%)
S

20 ; T
0 2 4 6 8 10 12 14 16

Concentration (uM)

Fig. 5. Effect of prodigiosin on MMP-2 activity. Cells were treated with or
without different concentrations of prodigiosin for 24 h in serum-free RPMI
Medium 1640. Equal aliquots of media were concentrated and electrophor-
esed on gelatin gels. The gel was dyed and then quantitatively measured by
scanning densitometry. MMP-2 relative activity = (band density of drug
treated team/band density of untreated team) x 100% [the absolute values
of band density in various teams in sequence are 56.8, 49.2, 36.6, 32.5, and
24.9]. Experiments were repeated independently three times with similar
results.

further tested antimetastatic activity of prodigiosin in
animal model. In line with the results of cultured cell
model, prodigiosin showed the capacity to inhibit cancer
metastasis in vivo (Table 1). Intraperitoneal administration
of 5mgkg ' prodigiosin decreased the number of meta-
static nodules by 53% and elevated the survival rate of
mice about one-fold compared with control group. To our
knowledge, it is first reported that prodigiosin has con-
siderable antimetastatic ability in vitro and in vivo. In
addition, previous reports indicated that prodigiosin could
induce apoptosis in various kinds of cancer cells [4-6]. All
these results suggested that prodigiosin should be a pro-
mising candidate for cancer chemotherapeutic agent.

Attempting to further understand the action mechanisms
of antimetastasis of prodigiosin, we evaluated prodigio-
sin’s effects on cell aggregation and invasion. Metastasis is
a multistep process. The initial steps of metastasis include
detachment of malignant cells from the primary tumor and
invasion into surrounding tissue [21]. In normal tissues,
cells are tightly associated with each other, so that they are
generally not allowed to migrate freely. However, the
malignant cells are more loosely associated, and can freely
detach from primary tumor and migrate out [22]. In the
present study, we observed that prodigiosin could facilitate
cancer cells adhering to each other and forming aggrega-
tion (Fig. 2A), which may contribute to prevention of the
initial cell release.

The first step of invasion is attachment of cancer cells to
ECM components. It has been suggested that adhesive
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interactions of tumor cells with ECM components play a
critical role in the establishment of metastasis [8,20,23]. In
this study, cell adhesion assay showed that prodigiosin
could counteract the adhesion of cancer cells to Matrigel ® .
The adhesive ability of cancer cells was reduced half after
cells were pretreated with 2.5 wM prodigiosin (Fig. 2B).
The inhibitory effect on cells adhesion might contribute to
the inhibition of metastasis by prodigiosin.

The molecular mechanisms by which prodigiosin regu-
lated cell aggregation and adhesion were still unclear.
Recently the regulation of cell aggregation, adhesion
and migration has become focused on the family of the
small Rho-like GTPases, especially RhoA [12,24]. It has
been reported that RhoA can regulate signal transduction
from cell surface receptors to intracellular target molecules
and is involved in a variety of biological processes, includ-
ing cell morphology, motility, cytokinesis, and tumor
progression [25]. Recent evidences suggest that protein
expression of RhoA was always higher in primary tumors
and lymph node with metastases than in normal tissues
[26]. The over-expression of RhoA leads to detachment of
cells primary tumors, regulates cell adhesion and promotes
tumor cells invasion [10,27]. In the present study, prodi-
giosin suppressed RhoA gene expression, hence, decreased
protein level of RhoA in 95-D cells. RhoA, as an important
signal molecule, might play a key role in the signal path-
way triggered by prodigiosin. With the results of cell
aggregation and adhesion assay, it was possible that
through down-regulating RhoA expression, prodigiosin
promoted cell aggregation and suppressed cell adhesion
to ECM, and then eventually inhibited cell metastasis.

After adhesion, another key step in the invasive progress
is the degradation of a variety of ECM proteins by MMPs
[28,29]. A central role in this step is played by MMP-2,
which cleaves primarily type IV collagen in the basement
membrane [28]. Therefore, inhibition of MMP-2 activity is
regarded as a rational approach to metastatic disease
therapy [28,29]. In this study, it was demonstrated that
prodigiosin suppressed the activity of MMP-2 and even-
tually inhibited cancer cell metastasis. This conclusion is in
agreement with those in previous studies that inhibitors of
MMP-2 significantly suppressed tumor metastasis in
experimental animals [29]. Nevertheless, the underlying
molecular mechanisms of this action of prodigiosin remain
unknown and require further research in the future.

The invasive process of cancer cells requires that tumor
cells first adhere to ECM components, and then secrete
MMPs to degrade ECM, and finally migrate through the
ECM [30]. We focused on this process and demonstrated
that prodigiosin could interfere with multiple steps of
invasive progress. It might represent a potential strategy
for cancer therapy.

In conclusion, to our knowledge, this study shows for the
first time that prodigiosin effectively inhibited tumor
metastasis in vitro and in vivo. The antimetastatic effects
of prodigiosin were associated with the promotion of cell

aggregation and the inhibition of cell invasion, which was
evidenced by inhibition of cell adhesion and motility as
well as suppression of MMP-2 ability. The down-regula-
tion of RhoA expression may be involved in the possible
molecular mechanisms that underlie the anti-invasive
effect of prodigiosin. As a new candidate for antimetastatic
agent, prodigiosin should be paid more attention, and the
further research on the molecular mechanisms of its action
will be necessary.

Acknowledgments

We thank Drs. Jingya Yang, Xuedong Wang for tech-
nical assistance. We also thank Dr. Feng Qian and Ms.
Qiang Zhnag for editorial assistance.

References

[1] Han SB, Kim HM, Kim YH, Lee CW, Jang ES, Son KH, et al. T-cell
specific immunosuppression by prodigiosin isolated from Serratia
marcescens. Int J Inmunopharmacol 1998;20:1-13.

Pandey R, Chander R, Sainis KB. A novel prodigiosin-like immuno-

suppressant from an alkalophilic Micrococcussp. Int Immunopharma-

col 2003;3:159-67.

Lazaro JE, Nitcheu J, Predicala RZ, Mangalindan GC, Nesslany F,

Marzin D, et al. Heptyl prodigiosin, a bacterial metabolite, is anti-

malarial in vivo and non-mutagenic in vitro. J Nat Toxins

2002;11:367-717.

Montaner B, Navarro S, Piqué M, Viaseca M, Martinell M, Giralt E, et

al. Prodigiosin from the supernatant of Serratia marcescens induces

apoptosis in hematopoietic cancer cell lines. Br J Pharmacol
2000;131:585-93.

Montaner B, Pérez-Tomas R. Prodigiosin-induced apoptosis in human

colon cancer cells. Life Sci 2001;68:2025-36.

Diaz-Ruiz C, Montaner B, Pérez-Tomas R. Prodigiosin induces cell

death and morphological changes indicative of apoptosis in gastric

cancer cell line HGT-1. Histol Histopathol 2001;16:415-21.

Montaner B, Pérez-Tomas R. Activation of protein kinase C is required

for protection of cells against apoptosis induced by the immunosup-

pressor prodigiosin. Biochem Pharmcol 2002;63:1-7.

Kato R, Ishikawa T, Kamiya S, Oguma F, Ueki M, Goto S, et al. A new

type of antimetastatic peptide derived from fibronectin. Clin Cancer

Res 2002;8:2455-62.

[9] Sancéau ], Truchet S, Bauvois B. Matrix metalloproteinase-9 silencing
by RNA interference triggers the migratory-adhesive switch in
Ewing’s sarcoma cells. J Biol Chem 2003;278:36537-46.

[10] Yoshioka K, Nakamori S, Itoh K. Overexpression of small GTP-
binding protein RhoA promotes invasion of tumor cells. Cancer Res
1999;59:2004-10.

[11] Engers R, Springer E, Michiels F, Collard JG, Gabbert HE. Rac affects
invasion of human renal cell carcinomas by upregulating tissue
inhibitor of metalloproteinases (TIMP)-1 and TIMP-2 expression. J
Biol Chem 2001;276:41889-97.

[12] Sander EE, Delft SV, Klooster JP, Reid T, Kammen RA, Michiels F, et
al. Matrix-dependent Tiam1/Rac signaling in epithelial cells promotes
either cell—cell adhesion or cell migration and is regulated by phos-
phatidylinositol 3-kinase. J Cell Biol 1998;143:1385-98.

[13] Stetler-Stevenson WG. Type IV collagenases in tumor invasion and
metastasis. Cancer Metast Rev 1990;9:289-303.

[14] Jian-Wen L, Kayasuga A, Nagao N, Masatsuji-Kato E, Tuzuki T,
Miwa N. Repressions of actin assembly and RhoA localization are

[2

—

3

=

[4

=

[5

[t}

[6

[7

—

[8

=



414 J. Zhang et al./Biochemical Pharmacology 69 (2005) 407—414

involved in inhibition of tumor cell motility by lipophilic ascorbyl
phosphate. Int J Oncol 2003;23:1561-7.

[15] Jian-Wen L, Norio N, Katsuhiro K, Nobuhiko M. Anti-metastatic and
anti-invasive ability of phospho-ascorbyl palmitate through intracel-
lular ascorbate enrichmet and the resultant antioxidant action. Oncol
Res 1999;11:479-87.

[16] Jian-Wen L, Norio N, Katsuhiro K, Nobuhiko M. Anti-metastatic
effect of an autooxidation-resistant and lipophilic ascorbic acid deri-
vative through inhibition of tumor invasion. Anticancer Res
2000;20:113-8.

[17] Zhenyu Z, Sanchez-Sweatman O, Xiaojun H, Robert W, Rama K, Qun
Z, et al. Anoikis and metastatic potential of cloudman S91 melanoma
cells. Cancer Res 2001;61:1707-16.

[18] Glinsky GV, Glinsky VV. Apoptosis and metastasis: a superior resis-
tance of metastatic cancer cells to programmed cell death. Cancer Lett
1996;101:43-51.

[19] Sugiyama T, Sadzuka Y. Combination of theanine with doxorubicin
inhibits hepatic metastasis of M5076 ovarian sarcoma. Clin Cancer
Res 1999;5:413-6.

[20] Mareel M, Leroy A. Clinical, cellular, and molecular aspects of cancer
invasion. Physiol Rev 2003;83:337-76.

[21] Glinsky VV, Huflejt ME, Glinsky GV, Deutscher SL, Quinn TP.
Effects of Thomsen—Friedenreich antigen-specific peptide P-30 on
B-galactoside-mediated homotypic aggregation and adhesion to the
endothelium of MDA-MB-435 human breast carcinoma cells. Cancer
Res 2000;60:2584-8.

[22] Matsuyoshi N, Hamaguchi M, Taniguchi S, Nagafuchi A, Tsukita S,
Takeichi M. Cadherin-mediated cell-cell adhesion is perturbed by

v-src tyrosine phosphorylation in metastatic fibroblasts. J Cell Biol
1992;118:703-14.

[23] Yamada KM, Kennedy DW, Yamada SS, Gralnick H, Chen WT,
Akiyama SK. Monoclonal antibody and synthetic peptide
inhibitors of human tumor cell migration. Cancer Res 1990;
50:4485-96.

[24] Lei W, Linda Y, Yongneng L, Yi Z. A novel strategy for specifically
down-regulating individual Rho GTPase activity in tumor cells. J Biol
Chem 2003;278:44617-25.

[25] Delaguillaumie A, Lagaudriere-Gesbert C, Popoff MR, Conjeaud H.
Rho GTPases link cytoskeletal rearrangements and activation pro-
cesses induced via the tetraspanin CD82 in T lymphocytes. J Cell Sci
2002;115:433-43.

[26] Takao K, Toshihiko T, Kyoko A, Kentaro T, Hidekazu A, Yuji I, et al.
Significant association of Rho/ROCK pathway with invasion and
metastasis of bladder cancer. Clin Cancer Res 2003;9:2632—41.

[27] Vasiliev JM, Omelchenko T, Gelfand IM, Feder HH, Bonder EM. Rho
overexpression leads to mitosis-associated detachment of cells from
epithelial sheets: A link to the mechanism of cancer dissemination.
Proc Natl Acad Sci U S A 2004;101:12526-30.

[28] Elkin M, Reich R, Nagler A, Aingorn E, Pines M, de-Groot N, et al.
Inhibition of matrix metalloproteinase-2 expression and bladder
carcinoma metastasis by Halofuginone. Clin Cancer Res 1999;
5:1982-8.

[29] Hidalgo M, Eckhardt SG. Development of matrix metalloproteinase
inhibitors in cancer therapy. J Natl Cancer I 2001;93:178-93.

[30] Liotta LA. Tumor invasion and metastases—role of the extracellular
matrix. Cancer Res 1986;46:1-7.



	Antimetastatic effect of prodigiosin through inhibition �of tumor invasion
	Materials and methods
	Materials
	Cells and animals
	Wound healing assay
	Invasion assay
	Assay of tumor metastasis in an animal model
	Cell aggregation assay
	Cell adhesion assay
	Western blot analysis of RhoA
	RhoA mRNA detection by RT-PCR
	Gel zymogram
	Statistical analysis

	Results
	Effect of prodigiosin on the migration and invasion of 95-D cells in vitro
	Effect of prodigiosin on pulmonary metastasis and host survival
	Effect of prodigiosin on cell aggregation and adhesion
	Effect of prodigiosin on RhoA expression
	Effect of prodigiosin on degradation of the extracellular matrix

	Discussion
	Acknowledgments
	References


