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Using caffeoyl pyrrolidine derivative LYS52, a potential
inhibitor of matrix metalloproteinase-2, to suppress
tumor invasion and metastasis
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Abstract. LY52 is a caffeoyl pyrrolidine derivative designed
to fit the S', active pocket of gelatinases that act in tumor
invasion and metastasis. Herein, we examined the effects of
LY52 on expression of matrix metalloproteinase (MMP)-2
expression in human breast cancer MDA-MB-231 cells and on
in vitro invasion and in vivo metastasis. LY52 significantly
blocked MMP-2 activity as evidenced by a decrease in the
degradation of succinylated gelatin. Gelatin zymography
analysis showed that LY52 (0.1-200 g g/ml) inhibited
expression of active MMP-2 in concanavalin A-stimulated
MDA-MB-231 cells. Inhibition of MMP-2 expression was also
observed in tissue of tumor xenografts in mice that were
orally administered LY52 (25 or 100 mg/kg). Furthermore,
LY52 displayed an inhibitory effect on in vitro invasion of
MDA-MB-231 cells and pulmonary metastasis of B16F10
murine melanoma cells in mice without significant toxic
effects. These results suggest that LYS52 is a potential MMP-2
inhibitor that may effectively suppress tumor invasion and
metastasis.

Introduction

Gelatinases including matrix metalloproteinase (MMP)-2
and -9 play an important role in the degradation of basement
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membrane type IV collagen, which is associated with tumor
cell invasion and metastasis (1,2). Therefore, regulation of
gelatinases is crucial in inhibiting tumor invasion and meta-
stasis. Three-dimensional structural analyses of MMP
molecules showed that the S', active pocket in MMP-2 and -9
is deeper than that of other types of MMPs such as MMP-3
(3-6). This property provides a helpful clue for constructing
gelatinase-specific inhibitors via structure-based design
strategies.

In previous studies, we constructed a series of caffeoyl
pyrrolidine derivatives, which were designed based on a lead
MMP inhibitor CGS27023A (7), to fit the deeper S'; pocket
in the gelatinase molecule (8,9). We then found that some of
the compounds were able to inhibit gelatinase activity in vitro
and pulmonary metastasis of mice H,, tumor cells in vivo
(8,9). LY52 is one of these caffeoyl pyrrolidine derivatives that
display a substantial potential inhibitory effect on gelatinase
(8). In this study, we describe the inhibitory effects of LY52
on the in vitro and in vivo expression of MMP-2 in human
breast cancer cell line MDA-MB-231, which is known to
express latent MMP-2. We also describe suppression by LY52
of in vitro invasion and in vivo metastasis of tumor cells.

Materials and methods

LY52. Caffeoyl pyrrolidine derivative LY52 (Fig. 1) was
synthesized from 4-L-hydroxyproline through a sequence
reaction including methylation, esterification, condensation,
mesylation, Sy2 reaction upon treatment with sodium azide,
hydrogenation over 5% Pd-C/CaCOj, acylation, and ester
exchange upon treatment with hydroxylamine (8). The
compound was dissolved in dimethylsulfoxide for in vitro
assay and in 5% amylum for in vivo study.

Cell line. The human breast cancer cell line MDA-MB-231,
which expresses mesenchymal intermediate filament protein
vimentin (VIM*) (10), was obtained from the Chinese National
Cancer Research Center (Beijing, P.R. China). Murine
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Figure 1. Structure of LY52.

metastatic melanoma cell line BI6F10 was purchased from
the Institute of Materia Medica, Chinese Academy of Medical
Sciences (Beijing, P.R. China). Cells were maintained in
RPMI-1640 supplemented with 10% (v/v) heat-inactivated
fetal bovine serum, penicillin-streptomycin (100 IU/ml-100 p g/
ml), 2 mM glutamine, and 10 mM Hepes buffer at 37°C in a
humid atmosphere (5% CO,-95% air) and were harvested by
brief incubation in 0.02% EDTA-PBS. Cell viability was
assessed by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) assay as described elsewhere (11).

Animals. Female Balb/c athymic (nu+/nu+) mice, 4-6 weeks
of age, and female C57/BL6 mice, 5-6 weeks of age, were
purchased from the Animal Experiment Central of Beijing
(Beijing, P.R. China). The research protocol was approved in
accordance with the institutional guidelines of the Animal Care
and Use Committee at Shandong University. Animals were
housed under pathogen-free conditions.

Succinylated gelatin assay. MMP-2 activity was estimated by
succinylated gelatin assay in a 96-well flat-bottom microtiter
plate (12). The reaction mixture (total 150 u1) contained 80 ng
of MMP-2 (Sigma-Aldrich, St. Louis, MO, USA), 200 ug of
succinylated gelatin (Sigma-Aldrich), 50 g of p-aminophenyl-
mercuric acetate (APMA, Sigma-Aldrich), and various doses
of LY52. The reactions were carried out at 37°C for 30 min.
Trinitrobenzene sulfonic acid (50 ul of 0.03%) (TNBSA,
Sigma-Aldrich) were then added to the reaction mixture
and allowed to incubate at room temperature for 20 min.
Absorbance at 450 nm of each reaction mixture was deter-
mined using a ThermOmax microplate reader (Molecular
Devices, Sunnyvale, CA, USA). The inhibitory rate (%) was
evaluated by comparing the relative activity in the presence
and absence of LY52.

SDS-PAGE gelatin zymography. MMP-2 expression in
MDA-MB-231 cells was analyzed by SDS-PAGE gelatin
zymography (13,14). Briefly, cells were cultured (1x10° cells/
0.5 ml) in 24-well plates and then treated with concanavalin A
(Con A, 25 pg/ml, Sigma-Aldrich) to induce MMP-2 activation
(13,15) in the presence of various concentrations of LY52 for
24 h at 37°C in a humidified 5% CO,-95% atmosphere. The
supernatant (10 p1) was subjected to electrophoresis on 10%
SDS-PAGE co-polymerized with 1 mg/ml gelatin as a
substrate. After electrophoresis was complete, the gel was
washed with 2% Triton X-100 solution to remove SDS and
then incubated in activation buffer (50 mM Tris-HCI, pH 7.4,
containing 5 mM CaCl,, 0.5 yM ZnCl,) for 20 h at 37°C.
Gels were then stained with 0.05% Coomassie brilliant blue
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Figure 2. Rates of inhibition of MMP-2 activity by LY52. Proteolysis of
succinylated gelatin by MMP-2 was evaluated in the presence of various
concentrations of LY52 as described in Materials and methods. Data are
mean = SD (n=3).

R-250 and destained in 10% acetic acid. Unstained bands
corresponding to active MMP-2 were quantified by densito-
metry using an electrophoresis image analysis system (FR980,
Shanghai Furi Science & Technology, Shanghai, P.R. China).

Immunohistochemistry for MMP-2 in tumor xenografts. MDA-
MB-231 cells (1x107) were suspended in 100 ul of matrigel
(Collaborative Biomedical, Bedford, MA, USA) and were
injected subcutaneously into the right anterior flank of Balb/c
athymic (nu+/nu+) female mice (16). The mice were then
orally administered 0, 25, or 100 mg/kg of LY52 in 0.5 ml of
amylum. After 30 days, tumor tissues were subjected to
immunohistochemical staining. Briefly, 4-ym-thick sections
were cut from paraffin-embedded tissue blocks, deparaffinized,
and dehydrated using a graded series of ethanol solutions.
Endogenous peroxidase activity was blocked with 3% H,O,/
PBS for 8 min. The sections were incubated with rabbit poly-
clonal antibody against MMP-2 (1:100 solution, Sc-10736,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 60 min
at room temperature and then incubated with secondary
antibody (peroxidase-conjugated Affinipure goat anti-rabbit
IgG, ZB-2301, Santa Cruz Biotechnology) for 60 min. 3,3'-
Diaminobenzidine was used as the chromogen, and hema-
toxylin was used as a counterstain (17). The stained cells were
counted in a total of 5 microscopical fields. The results were
expressed as a ratio to the control tumor in at least 3 different
mice in one group.

Invasion assay in vitro. A 24-well transwell chamber was
used to evaluate the motility and invasive ability of MDA-
MB-231 cells in vitro (18). The upper surface of poly-
carbonate filters with 8 ym pores was coated with 100 g of
matrigel. The cells were pre-incubated with different doses
of LY52 for 16 h in the presence of Con A (25 pg/ml) at 37°C
in a CO, incubator. The cells were then detached and the cell
suspension (1x103 cells/100 ul) was placed in the upper
chambers. The lower chambers were filled with 600 pul of
RPMI-1640 medium containing 1% BSA. After 24 h of
incubation at 37°C under optimal conditions, the filters were
fixed with 10% buffered formalin and stained with hema-
toxylin. Cells on the upper surface of the filter were completely
removed by wiping them away with a cotton swab. The
number of cells that had invaded through the matrigel and
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Figure 3. Effects of LY52 on MDA-MB-231 cell growth. Cells were
cultured in the presence of LY52 (0.1, 1, 10, 100 and 1000 yg/ml) for up to
120 h. Cell growth was evaluated by MTT assay. Data are mean + SD (n=3).

reached the lower surface of the filter was counted in five
random microscopic fields per filter at a magnification of
x200. Each assay was performed in triplicate and repeated
twice.

Metastasis assay in vivo. Anti-metastasis activity of LY52 was
assessed using a B16F10 murine melanoma model in vivo (19).
The suspension of 1x10* B16F10 cells in 0.2 ml of saline was
intravenously injected into the tail vein of C57BL/6 mice.
Simultaneously, the mice were orally administered 0, 25, 50,
or 100 mg/kg of LY52 in 0.5 ml of amylum for 3 consecutive
weeks. Carboxylates (MMPs inhibitors, 100 mg/kg) were
administered orally as a positive control (20). Mice were
sacrificed and the lungs were fixed in Bouin's solution. The
number of metastatic nodules present over the entire surface
of the five lobes of the lung was counted under a microscope.

Results

Effects of LY52 on MMP-2 activity. We first examined the
effect of LY52 on MMP-2 activity by means of succinylated
gelatin assay. As shown in Fig. 2, the degradation of
succinylated gelatin by MMP-2 was clearly inhibited by
LY52 in a dose-dependent manner. The ICs, was 8.9 ng/ml.

Effects of LY52 on cell growth. The effects of LY52 on MDA-
MB-231 cell growth were examined. The cells were treated
with LY52 (0.1-1000 g g/ml) for up to 120 h and then the rate
of cell growth inhibition was evaluated based on the viable
cell number as estimated by MTT assay. As shown in Fig. 3,
LY52 does not have a significant anti-proliferative effect on
MDA-MB-231 cells in shorter incubation periods, although a
dose-dependent anti-proliferative effect was observed in longer
incubation periods. In each incubation period, evident cyto-
toxicity of LY52 was not observed, as verified by staining for
viability using trypan blue (data not shown). Therefore, in
subsequent experiments where MDA-MB-231 cells were
treated with LY52, the incubation periods were set within 24 h
regardless of the concentration of LY52.

Inhibition of active MMP-2 expression in MDA-MB-231
cells. Gelatin zymography was performed to evaluate the
inhibitory effect of LY52 on active MMP-2 expression in the
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Figure 4. Inhibition of active MMP-2 expression in MDA-MB-231 cells by
LYS52 in vitro. Cells were exposed to various concentrations of LY52 for
24 h. Expression of active MMP-2 in the medium was evaluated by SDS-
PAGE gelatin zymography (A) and the inhibition rates were estimated by
densitometric quantification of the unstained bands (B). Data are mean + SD
(n=3).

supernatants of MDA-MB-231 cell cultures. As shown in
Fig. 4A, active MMP-2 was detected in the gel around a
position at a molecular weight of 62 kDa. The level of
expression was clearly suppressed by LY52 in a dose-
dependent manner (Fig. 4B). The ICy, was ~7.5 pg/ml.

Inhibition of MMP-2 expression in tumor xenografts. The
effects of orally administered LY52 on MMP-2 expression in
MDA-MB-231 cells subcutaneously transplanted in nude
mice were examined immunohistochemically. As shown in
Fig. 5, administration of LY52 effectively suppressed MMP-2
expression in the tumor xenografts in a dose-dependent
manner. The rates of inhibition by 25 and 100 mg/kg of LY52
were 32.3 and 65.2%, respectively, without weight loss in the
mice (data not shown).

Inhibition of the invasive ability of MDA-MB-231 cells. The
effects of LY52 on invasion and migration of Con A-activated
MDA-MB-231 cells were examined in a 24-well transwell
chamber. As shown in Fig. 6A, the activated MDA-MB-231
cells displayed a high invasive capacity, crossing the uniform
layer of matrigel-coated filters; the invasive potential of the
cells was clearly diminished by LY52. The inhibition by LY52
occurred in a dose-dependent manner with ICy, of ~7.1 ug/ml
(Fig. 6B).

Inhibition of pulmonary metastasis of BI6F10 melanoma
cells in mice. We also evaluated the ability of LY52 to inhibit
tumor metastasis by using metastatic BI6F10 murine mela-
noma cells instead of MDA-MB-231 cells. As shown in
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Figure 5. Immunohistochemistry for MMP-2 expression in tumor xenografts
in Balb/c athymic (nu+/nu+) mice administered LY52. Nude mice were
implanted with MDA-MB-231 cells and orally administered 0 (A), 25 (B),
and 100 (C) mg/kg of LYS52. After 30 days, the tissues of tumor xenografts
were subjected to immunohistochemistry to detect MMP-2 as described in
Materials and methods. Original magnification, x200.

Table I, the number of tumor nodules on the lung surface was
significantly lower in LY52-treated mice than in untreated
mice (p<0.05). The anti-metastasis ability of LY52 was dose-
dependent. In contrast, a significant weight loss was not
observed during continuous administration (Table I).

Discussion

This study assessed the LYS52, a caffeoyl pyrrolidine
derivative, as a gelatinase inhibitor in inhibiting tumor
invasion and metastasis. LY52 effectively inhibited MMP-2
activity in vitro (Fig. 2). LY52 also suppressed active MMP-2
expression in MDA-MB-231 cells in vitro (Fig. 4) and in
vivo (Fig. 5), while the compound did not display a
significant anti-proliferative effect or cytotoxicity (Fig. 3).
Furthermore, the invasive capacity of Con A-stimulated
MDA-MB-231 cells to cross a matrigel layer was effectively
diminished in the presence of LY52 (Fig. 6).

Of the gelatinases, MMP-2 is highly expressed in invasive
and metastatic carcinoma tissues, while the enzyme is usually
absent in normal tissue (21-23). Expression and activity of
MMP-2 are tightly regulated. Cancer cells secrete MMP-2 as
a 72-kDa pro-MMP on the cell surface and require specific
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Figure 6. Inhibition of MDA-MB-231 cell invasion by LY52. Cells pre-treated
with various concentrations of LY52 were placed on Matrigel-coated filters
and incubated for 24 h. The number of cells passing through the filter was
calculated after staining with hematoxylin. (A) Typical micrographs of
invading MDA-MB-231 cells pre-treated without or with 200 yg/ml of
LYS52. Original magnification, x400. (B) Rates of inhibition of cell invasion
by various concentrations of LY52. Data are mean + SD (n=6).

activation by proteolytic removal of the NH2-terminal
propeptide for conversion to the 62-kDa active form (24-26).
Similarly to most invasive human breast cancer cell lines,
MDA-MB-231 cells can be induced to activate exogenous
MMP-2 when the cells are treated with Con A (15). Con A
may stimulate membrane type 1| MMP (MT1-MMP) to cleave
the N-terminal prodomain in MMP-2 (10,25-27). In the
present study, LY52 had an inhibitory effect on invasion of
MDA-MB-231 cells in vitro (Fig. 6). Since the highly
invasive potential of MDA-MB-231 cells is dependent on the
activation of exogenous MMP-2 (15) and since only VIM*
cell lines can be induced to activate MMP-2 upon stimulation
with Con A (10,28), the anti-invasion ability of LY52 might
be due to the inhibition of active MMP-2 expression. In
addition, ICs, values of LY52 were clearly similar for active
MMP-2 expression and cell invasion in Con A-stimulated
MDA-MB-231 cells, suggesting that LY52 may suppress cell
invasion through inhibition of the expression of active
MMP-2.

Examination of the anti-metastatic ability of LY52 in vivo
was performed with metastatic BI6F10 melanoma cells
instead of MDA-MB-231 cells. B16F10 cells overexpressing
MMP-2 in vivo are known to be more likely to develop
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Table I. Effect of LY52 on B16-F10 melanoma metastasis in C57/BL6 mice.

Compound Dosage Mice Body weight Lung weight Number of Inhibition of
(mg/kg) (n) (2) (2) foci/lung (n) metastasis (%)
LYS52 0 10 22.6£2.9 0.13+0.03 88.6+15.7 -
25 9 23.1+3.2 0.12+0.08 65.0+10.32 244
50 10 21.7£2.2 0.12+0.03 49.1+13.5° 43.5
100 10 21.3+3.7 0.12+0.06 35.3+8.7° 60.2
Carboxylates 100 7 18.3+4.1 0.13+0.02 68.6+14 42 22.6
3p<0.05,p<0.01 vs. untreated group.
pulmonary metastases, and cellular invasiveness is known to  References

depend on the functional consequences of increased MMP-2
levels (29). The present study showed that oral administration
of LY52 significantly prevented the pulmonary metastasis of
B16F10 cells in mice devoid of toxic effects. These results
suggest that LY52 may inhibit the metastasis of melanoma
cells by blocking active MMP-2 expression.

LY52 was designed based on the analogue reference drug
CGS27023A (8,9), a broad-spectrum MMP inhibitor that
inhibits the activity and expression of MMP-1, 2, 3, and 9
(30-32). The characteristic broad spectrum may correlate to
its larger structure, which accommodates the S'; pocket of
MMP-3 (3,8,9). Since the S', pocket of gelatinase is deeper
than that of MMP-3, we designed a backbone of hydroxy-
proline linked with the longer and flexible caffeoyl group to
extend into the deeper S'; pocket (8,9). Hydroxyproline is
known to be a specific amino acid of collagens, which are the
substrate of MMPs (8). Caffeic acid has been proven to inhibit
the activity of MMP-2 and -9 (33). The p-(methylphenyl)
sulfonyl group can extend into the S', active pocket of MMP-2
and -9, which may enhance the flexibility of the chemical
structure to combine with the active site (8,9). Carboxylic
acid, a metabolized product of carbomethoxy derivatives,
might chelate zinc ions, which are essential to enzyme activity
(8,9). These structures in the LY52 molecule might improve
selectivity with respect to gelatinases such as MMP-2.

In conclusion, LY52 is a novel caffeoyl pyrrolidine
derivative with an inhibitory effect on the expression and
activity of MMP-2. Administration of L'Y52 in mice prevented
MMP-2 expression in tumor xenografts and pulmonary
metastasis of melanoma cells without any significant toxicity.
These results suggest that LY52 is a potential MMP-2 inhibitor
and a candidate compound for preventing tumor invasion and
metastasis.
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