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Seahorse-derived peptide suppresses invasive migration of
HT1080 fibrosarcoma cells by competing with intracellular
o-enolase for plasminogen binding and inhibiting
uPA-mediated activation of plasminogen
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a-Enolase is a glycolytic enzyme and a surface receptor for
plasminogen. o-Enolase-bound plasminogen promotes tumor
cell invasion and cancer metastasis by activating plasmin and
consequently degrading the extracellular matrix degradation.
Therefore, a-enolase and plasminogen are novel targets for
cancer therapy. We found that the amino acid sequence of a
peptide purified from enzymatic hydrolysates of seahorse has
striking similarities to that of o-enolase. In this study, we report
that this peptide competes with cellular a-enolase for plasmi-
nogen binding and suppresses urokinase plasminogen activator
(uPA)»-mediated activation of plasminogen, which results in
decreased invasive migration of HT1080 fibrosarcoma cells. In
addition, the peptide treatment decreased the expression levels
of uPA compared to that of untreated controls. These results
provide new insight into the mechanism by which the
seahorse-derived peptide suppresses invasive properties of
human cancer cells. Our findings suggest that this peptide could
emerge as a potential therapeutic agent for cancer. [BMB Reports
2014; 47(12): 691-696]

INTRODUCTION

o-Enolase is a metabolic enzyme involved in the synthesis of
pyruvate. Recently, o-enolase has been reported to act as a
plasminogen receptor (1-3). Binding of a-enolase with plasmi-
nogen leads to the activation of plasminogen to plasmin by the
proteolytic action of either urokinase-type (UPA) or tissue-type
(tPA) plasminogen activators (4). Plasmin is a serine protease
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with a broad spectrum of substrates that include fibrin, ex-
tracellular matrix components, and proteins involved in ex-
tracellular matrix degradation, such as matrix metal-
loproteinases (5). The a-enolase/plasminogen/plasmin system
has been shown to play a role in a wide variety of physio-
logical and pathophysiological processes involving extra-
cellular matrix degradation, tissue remodeling, embryogenesis,
wound healing, cell migration, invasion, inflammation, angio-
genesis, and tumor cell metastasis (4). Overexpression and ac-
tivation of o-enolase, plasminogen, and plasmin has been con-
sidered a diagnostic marker for many tumors (4). The plasmi-
nogen activators, which include the two isoforms, uPA and
tPA, and the plasminogen activator inhibitors, PAI-1 and PAI-2,
play a fundamental role in the degradation of intravascular
clots and extracellular matrix proteolysis (6, 7). Several plasmi-
nogen inhibitors, which include a-2 antiplasmin and the pro-
tease nexin |, have been reported to control tumor metastasis
facilitated by plasminogen and plasmin (8, 9). Antibodies di-
rected against the plasminogen-binding site of o-enolase in-
hibit leukocyte-endothelial interaction and invasion of patho-
gens (4, 10). Thus, the regulatory mechanism of the o-eno-
lase/plasminogen/plasmin system in cancer cell invasion and
metastasis has drawn many researchers to target the pathway
for identifying potential anti-cancer therapeutic agents.

A natural peptide isolated from the enzymatic hydrolysates
of the seahorse Hippocampus kuda Bleeler was found to
have anti-inflammatory effect (11). We found that this peptide
has significant sequence similarity with the o-enolase of other
species. Here, we examined the effects of this peptide on
a-enolase and plasminogen functional regulation. The pep-
tide was found to compete with ca-enolase for plasminogen
binding and suppress invasive migration of HT1080 fi-
brosarcoma cells by inhibiting the activation of plasminogen
to plasmin.
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censes/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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RESULTS

A seahorse peptide with amino acid sequence similarity to

a-enolase decreases the interaction of o-enolase with
plasminogen

Previously, we isolated a peptide from the enzymatic hydro-
lysates of seahorse and showed that it possesses anti-in-
flammatory activity (11). However, the cellular target molecule of
this peptide has never been documented. When the peptide se-
quences were compared with known sequences in the translated
GenBank™ database, over 90% of the peptide sequence corre-
sponded with that of o-enolase from various sources. Further,
92% homology was found with the human o-enolase (Fig. 1A).
Analysis of the peptide sequence revealed similarities in a region
proximal to the plasminogen-binding site in human a-enolase (4,
5, 12). Therefore, in this study, we investigated whether the sea-
horse peptide influences the physiological role of endogenous
o-enolase, such as binding and activation of plasminogen. First,
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Fig. 1. The Seahorse-peptide with amino acid sequence similarity to
a-enolase decreases the interaction of o-enolase and plasminogen.
(A) A strong sequence similarity (92%) between human o-enolase
(amino acids 293-304) and seahorse-derived peptide. All sequences
were obtained from GenBank protein sequence data with accession
numbers: Human (NP 001419), E. coli (AAC69289), S. pnuemoniae
(AAC17130), and T. brucei (AAF73201). (B) Specific binding of
plasminogen to o-enolase. Plasminogen binds to o-enolase immobi-
lized on microtiter well plates in a concentration-dependent
manner. ELISA was performed in a multiwall plate coated with
a-enolase (1 pg/well) and increasing amounts of human plasmi-
nogen (1-5 pg). Control wells lacked arenolase and were coated
with only BSA (1 pg/well). The results represent the average from
three independent experiments. (C) Inhibitory effect of seahorse-
peptide on the interaction between o-enolase and plasminogen.
Various concentration of seahorse peptide were added to wells con-
taining 1 pg immobilized o-enolase, followed by the addition of 2
ug plasminogen, and ELISA was performed as described in Materials
and Methods. The results represent the average from three in-
dependent experiments. *P < 0.05 compared with controls.
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to determine whether the peptide affects the interaction of a-eno-
lase with plasminogen, we performed an ELISA assay using im-
mobilized o-enolase and increasing concentrations of
plasminogen. Fig. 1B and 1C shows a concentration-dependent
binding of plasminogen to o-enolase coated wells. For controls,
the wells were coated with only BSA, which had negligible, non-
specific binding of plasminogen. Significantly, the addition of
seahorse peptide reduced the plasminogen binding to immobi-
lized a-enolase. In these experiments, up to 52% inhibition was
observed with 0.1 M peptide incubation, suggesting that the pep-
tide is able to compete with o-enolase for plasminogen binding.

Peptide decreases the activation of plasminogen to plasmin
Next, we examined whether the proteolytic activation of o-eno-
lase-bound plasminogen to plasmin is affected by peptide
treatment. Plasminogen activation was performed by measuring
the substrate-cleaving activity of generated plasmin. The reaction
mixture containing plasminogen, a-enolase, and plasmin sub-
strate Val-Leu-Lys-para-nitroanilide, were incubated in the pres-
ence or absence of uPA and peptide. Fig. 2 indicates that in the
absence of uPA, plasminogen exhibited less proteolytic activity
regardless of the presence of a-enolase, whereas the addition of
UPA mediated the proteolytic activation of plasminogen to
plasmin. Incubation with additional o-enolase in the presence of
uPA led to significantly increased activation of plasminogen com-
pared to those in reactions lacking a-enolase or uPA. The addition
of 0.1 M peptide significantly inhibited uPA-mediated plasmin
generation in the presence of a-enolase. These results strongly
suggest that o-enolase plays a crucial role in facilitating
uPA-mediated proteolytic activation of plasminogen while treat-
ment with the peptide inhibits uPA-mediated activation of plasmi-
nogen by decreasing its interaction with o-enolase.

Relative activation(%)

1. Plasminogen + o-enolase + uPA
2. Plasminogen + o-enolase + uPA + Seahorse Peptide
3. Plasminogen + uPA

4. Plasminogen + o-enolase

Fig. 2. Seahorse peptide decreases the activation of plasminogen in-
to plasmin. The o-enolase (1 ug) was incubated with plasminogen
(2 pg in the presence or absence of seahorse peptide (0.1 M) and
uPA (30 ng). Plasmin formation was measured as mentioned in
Material and Methods. The results are expressed as the average of
three different experiments. *P < 0.05 compared with 1.
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Seahorse peptide inhibits invasive migration of HT1080 cells
by decreasing a-enolase-plasminogen interaction and
uPA-dependent plasminogen activation

Interaction of a-enolase with plasminogen leads to proteolytic
conversion of plasminogen to the active protease plasmin.
Plasmin is the main enzyme responsible for matrix degradation,
wound healing, cell migration and invasion, and tumor-cell
metastasis. The major biological function of plasminogen activa-
tion is to degrade the extracellular matrix of basement membranes.
Therefore, we examined whether peptide treatment affects in-
vasive migration of tumor cells. As illustrated in Fig. 3A, treatment
of HT1080 cells with 0.1 M peptide inhibited the invasive migra-
tion into Matrigel, with an inhibition ratio of approximately one
half of the controls. To determine whether this inhibitory effect of
the peptide on invasive migration is dependent on decreased asso-
ciation between endogenous o-enolase and plasminogen, we car-
ried out immunoprecipitation of protein extracts obtained from
HT1080 cells. 0.1 M peptide treatment did not affect the ex-
pression levels of a-enolase and plasminogen in HT1080 cells
(Fig. 3B). Since many studies have reported that a-enolase binds
plasminogen at the cell surface and the subsequent plasminogen
activation on the cell surface is important for o-enolase and plas-
minogen-mediated physiological cell events such as invasive cell
migration (4, 6, 14-16), we subfractionated HT1080 cell lysates in-
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to 100,000 g pellet (membrane) and supernatant (cytosol) frac-
tions exactly as described previously (20). A total of 200 ug protein
from each fraction was immunoprecipitated with an anti-o-eno-
lase antibody, and immunoprecipitaes were separated by
SDS-PAGE and transferred to PVDF. The protein levels in each im-
munoprecipitate were determined by immunoblotting with anti-
bodies against o-enolase and plasminogen. Overlay assay with
0.1 ug biotinylated plasminogen was also performed to confirm to
detectable binding between arenolase and plasminogen. The re-
sults show that strong binding of plasminogen to a-enolase was
observed more in the membrane fraction than in the cytosolic frac-
tion of cells. An inhibitory effect of peptide treatment on this inter-
action was more detectable in the membrane sample. These re-
sults suggest that intracellular interaction of a-enolase and plasmi-
nogen primary occurred in membrane of HT1080 cells, which is
more sensitive to peptide treatment (Fig. 3B). Additionally, plasmi-
nogen activation reaction with the membrane fraction of pep-
tide-treated cells exhibited less proteolytic activity of plasminogen
than that of the control cell membrane fraction (Fig. 3C). These re-
sults indicate that this peptide inhibits invasive migration of
HT1080 cells by reducing a-enolase-plasminogen interaction in
cell membrane and decreasing plasminogen activation. The pep-
tide did not affect the viability of human fibrosarcoma HT1080
cells (Supplementary Fig. 1). When HT1080 cells were treated
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Fig. 3. Seahorse peptide inhibits invasive migration of HT1080 cells by decreasing interaction between o-enolase and plasminogen. (A)
Matrigel invasion assays were performed with HT1080 cells incubated with 0.1 M peptide for 48 h. (B) Peptide treatment decreases the
association of o-enolase and plasminogen. HT1080 cells were incubated with 0.1 M control peptide or seahorse peptide for 48 h and
then the cell lysates were analyzed for a-enolase, plasminogen, and a-actin. Peptide treatment did not affect the expression levels of
o-enolase and plasminogen in HT1080 cells. Additionally, the cell lysates were subfractionated into 100,000 g pellet (membrane) or super-
natant (cytosol) fractions. Total 200 ug protein from each fraction was immunoprecipitated with an anti-a-enolase antibody, and im-
munoprecipitae were separated by SDS-PAGE and transferred to PVDF. The levels of protein in each immunoprecipitate were determined
by immunoblotting with antibodies against a-enolase and plasminogen. Overlay assay with 0.1 ug biotinylated plasminogen was also per-
formed to confirm to detectable binding between o-enolase and plasminogen. Specific protein interaction was shown as streptavidin signal.
Results are representative of three separate experiments. (C) Peptide treatment attenuates activation of plasminogen in cell membrane. Cells
incubated with 0.1 M control peptide or seahorse peptide were lysed, and then fractionated into membrane fraction. 20 ug of membrane
fraction was added to assay for plasminogen activity. The results are expressed as the average of three different experiments. *P < 0.05
compared to controls peptide treatment.
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with 0.1 M peptide for 48 h, peptide treatment did not induce any
significant inhibition of cell growth.

Since a-enolase-bound plasminogen activation is well corre-
lated with function of plasminogen activators, uPA and tPA (13),
we finally examined whether peptide treatment affected these
two physiological plasminogen activators. HT1080 cells were
treated with 0.1 M peptide for 48 h and the expression levels of
uPA and tPA were examined. Peptide treatment decreased the ex-
pression levels of uPA compared to that of control, whereas tPA
was expressed at very low levels in the total protein extract of
HT1080 cells and its expression did not change after peptide treat-
ment (Fig. 4A). Therefore, it is likely that uPA plays an important
role in plasminogen activation in HT1080 cells. The role of uPA
and plasminogen on invasive migration of HT1080 cells was de-
termined by siRNA transfection of uPA and plasminogen.
HT1080 cells were transfected with siRNA for uPA or plasmi-
nogen (Fig. 4B). These siRNA transfections attenuated the ex-
pression of uPA and plasminogen in HT 1080 cells. We observed
that the uPA siRNA as well as the plasminogen siRNA attenuated
invasive migration of HT1080 cells (Fig. 4C), which was similar
to that observed in the peptide-treated cells. Taken together, these
results suggest that uPA-mediated plasminogen activation is im-
portant for invasive migration of HT1080 cells and sea-
horse-derived peptide inhibits the invasive migration of HT1080
cells by suppressing o-enolase-plasminogen interaction and
uPA-dependent plasminogen activation.

DISCUSSION

For many years, o-enolase was solely regarded as a soluble cyto-
solic glycolytic enzyme. However, recent studies have indicated
that arenolase is a receptor and activator of plasminogen.
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o-Enolase binds plasminogen at the surface of prokaryotic patho-
gens such as invasive yeasts and parasites, as well as that of mam-
malian cells including peripheral blood cells, endothelial cells,
neuronal cells, and cancer cells (4, 6, 14-16). The cascade of pro-
tease activity initiated by the activation of o-enolase-dependent
plasminogen on the cell surface has significant implications on
various physiological and pathological events such as wound
healing, tissue remodeling, embryogenesis, and transformed tu-
mor-cell spread. In particular, overexpression of o-enolase in var-
ious cancerous cells is more likely to enhance the plasminogen
activation and hence facilitate the spread of tumor cells. The ma-
jor biological role by plasminogen activation is to degrade the ex-
tracellular matrix of basement membranes, which is why a-eno-
lase and plasminogen have been considered as diagnostic mark-
ers for many tumors.

o-Enolase is expressed in high levels in HT1080 cells. The
uPA-mediated plasminogen activation in the presence of o-eno-
lase is essential for the invasive migration of HT1080 cells.
Seahorse-derived peptide decreases uPA-mediated plasminogen
activation by inhibiting the interaction between o-enolase and
plasminogen, which results in the inhibition of invasive migration
of HT1080 cells. The study with A549, adenocarinomic human al-
veolar basal epithelial cells also showed similar inhibitory effect
of peptide on intracellular interaction of a-enolase and plasmi-
nogen and on invasive migration of cells (Supplementary Fig. 3).
Therefore, it may be assumed that this peptide affects the activity
of o-enolase and plasminogen in various physiological and patho-
logical events as well as in tumor invasion and cancer metastasis.
This peptide therefore has the potential to emerge as a novel agent
for the treatment of tumor cells. In addition, the peptide treatment
decreases expression level of uPA. Peptide treatment caused de-
crease of uPA in both protein and messenger RNA level

@

Invasive migration

Fig. 4. Seahorse peptide attenuates uPA and plasminogen-dependent invasive migration of HT1080 cells. (A) The 0.1 M peptide treatment
decreased uPA expression. (B, C) HT1080 cells were transfected with uPA or plasminogen siRNA. After transfection with siRNA, the cells
were incubated for 48 h in the absence or presence of 0.1 M peptide and then the cells were analyzed by western blot or harvested for
invasive migration assays. All data are expressed as the average of three different experiments. *P < 0.05 compared to controls RNAI.
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(Supplementary Fig. 2). Cell treatment with MG132, a proteasome
inhibitor, did not affect uPA expression in the presence or absence
of peptide, suggesting that peptide inhibits uPA expression at the
transcriptional level. Furthermore, peptide was found to reduce
NF-kB p65 protein levels in both nuclear and cytosolic fraction
(Supplementary Fig. 2). Therefore, NF-KB is likely to be an im-
portant transcription regulator regulating uPA expression in in-
vasive HT1080 cells. This finding provides important information
to explore the role of peptide suppressing tumor progression.

The biological functionality of plasminogen activation is de-
pendent on its interaction with a-enolase. It has been reported that
the C-terminal lysines of a-enolase are involved in its interaction
with plasminogen (4). However, several a-enolases that lack C-ter-
minal lysines also exhibit plasminogen binding. An internal se-
quence (248FYDKERKVY256) in the enolase of Streptococcus
pneumoniae was first identified as an additional plasmi-
nogen-binding site (17). The crystal structure of this protein dem-
onstrated that this internal motif is the primary site for plasminogen
binding (18). Similar internal plasminogen-binding motifs were
found not only in the enolases of other pathogenic organisms, but
also in the central loop of human o-enolase (4, 12, 19). A common
feature of the internal plasminogen-binding regions is that the cor-
responding residues contain highly positively and negatively
charged residues exposed to the surface, a characteristic feature
that has been suggested to be important for plasminogen
recognition. Since the seahorse- derived peptide also has highly
charged residues, these charged residues may interfere with the in-
teraction between a-enolase and plasminogen. In fact, peptide ef-
fect on a-enolase-plasminogen interaction in vitro was sensitive to
the addition of NaCl (data not shown), indicating the influence of
the electrical properties of the charged residues in the inhibitory
mechanism of plasminogen-enolase interaction by peptide
treatment. In addition, we also suggest another possibility that the
peptide influences catalytic conformational changes of a-enolase,
in particular in cells. We investigated whether the peptide is able
to directly bind to plasminogen since the peptide sequence is sim-
ilar to o-enolase. Peptide did not directly bind to plasminogen in
vitro (data not shown). Nevertheless, peptide treatment decreases
plasminogen-enolase interaction both in vitro and in vivo and its
inhibitory effect is likely to be greater in cells than in vitro (Fig. 1C
and Fig. 3B). The amino acid sequence proximal to the internal
plasminogen-binding motif is highly homologous to the seahorse
peptide amino acid sequence. This region, which is similar to the
seahorse peptide sequence, has been known to be responsible for
the catalytic conformational change through its dimerization (18).
Therefore, peptide treatment probably influences such catalytic
conformational changes of the o-enolase, which consequently
may affect the interaction of a-enolase with plasminogen. Further
studies using site-directed mutagenesis of the peptide, a-enolase,
and plasminogen are required to more clearly understand the in-
hibitory mechanism of the peptide in the interaction between
o-enolase and plasminogen. These studies in turn would demon-
strate the critical role of the seahorse peptide as a potential ther-
apeutic agent for cancer.
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MATERIALS AND METHODS

Materials and Methods, were provided in Supplementary data:
http://www.bmbreports.org/jbmb_by volume.html?vol =47.
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