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Inhibitory effect of recombinant tyrosine-sulfated
madanin-1, a thrombin inhibitor, on the behavior
of MDA-MB-231 and SKOV3 cells in vitro

GUK HEUI JO', SUN AH JUNG', TAE HOON ROH?, JIN SOOK YOON? and JOON H. LEE!

]Myung—Gok Eye Research Institute, Kim's Eye Hospital, Konyang University College of Medicine, Seoul 07301, Republic of Korea;

2Department of Medicine, Yonsei University College of Medicine, Seoul 03722, Republic of Korea; 3Department of Ophthalmology,

Institute of Vision Research, Severance Hospital, Yonsei University College of Medicine, Seoul 03722, Republic of Korea

Received December 20, 2023; Accepted April 9, 2024

DOI: 10.3892/mmr.2024.13238

Abstract. Thrombin, which plays a crucial role in hemo-
stasis, is also implicated in cancer progression. In the present
study, the effects of the thrombin-targeting recombinant
tyrosine-sulfated madanin-1 on cancer cell behavior and
signaling pathways compared with madanin-1 wild-type
(WT) were investigated. Recombinant madanin-1 2 sulfation
(madanin-1 2S) and madanin-1 WT proteins were generated
using Escherichia coli. SKOV3 and MDA-MB-231 cells
were treated with purified recombinant proteins with or
without thrombin stimulation. Migration and invasion of cells
were analyzed by wound healing assay and Transwell assay,
respectively. Thrombin markedly increased cell migration
and invasion in both SKOV3 and MDA-MB-231 cells, which
were significantly suppressed by madanin-1 2S (P<0.05).
Madanin-1 28 also significantly suppressed thrombin-induced
expression of phosphorylated (p)-Akt and p-extracellular
signal-regulated kinase in both cell lines (P<0.05), whereas
madanin-1 WT had no effect on the expression levels of these
proteins in MDA-MB-231 cells. Furthermore, madanin-1 2S
significantly reversed the effects of thrombin on E-cadherin,
N-cadherin and vimentin expression in MDA-MB-231 cells
(P<0.05), whereas madanin-1 WT did not show any effect. In
conclusion, madanin-1 2S suppressed the migration and inva-
sion of cancer cells more effectively than madanin-1 WT. It is
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hypothesized that inhibiting thrombin via the sulfated form of
madanin-1 may be a potential candidate for enhanced cancer
therapy; however, further in vivo validation is required.

Introduction

Thrombin, a serine protease derived from the plasma protein
prothrombin, is widely recognized for its role in hemo-
stasis (1). Previous studies have reported that thrombin plays
a diverse role as a growth-regulatory protein in addition to
its role in hemostasis; thrombin has been shown to enhance
mitogenesis (2), the proliferation of vascular smooth muscle
cells (3) and fibroblasts (4), cellular adhesion (5,6) and angio-
genesis (7). Moreover, accumulating evidence has suggested
that hemostatic system components, such as thrombin, are
involved in cancer progression through a variety of mecha-
nisms (8,9). Protease-activated receptor-1 (PAR-1), which
is activated by proteases including thrombin, is a G-protein
coupled receptor (GPCR) (10); PAR-1 signaling is constitu-
tively activated in cancer cells in contrast to normal cells, and
is involved in carcinogenesis, metastasis and angiogenesis (11).
PAR-1 has also been observed to be upregulated in numerous
types of cancer, including breast and ovarian cancer, and may
be utilized as a therapeutic target (10,11).

Several anticoagulant substances have been isolated
and characterized to date from blood-feeding inverte-
brates (12-14). Madanin-1 (MEROPS inhibitor family I53) is
a small cysteine-free protein isolated from the salivary glands
of ticks (Haemaphysalis longicornis), which acts as a competi-
tive inhibitor of thrombin (15). According to a previous study,
madanin-1 also competes with physiological substrates for
binding to the exosite I of a-thrombin, a secondary recogni-
tion site that interacts with fibrinogen and PARs (16). An assay
using human plasma showed that madanin-1 can prolong the
prothrombin time and activated partial thromboplastin time in
a dose-dependent manner (16), and can double the thrombin
time (TT) at a concentration of 5 yM (15). It has previously
been shown that post-translational sulfation of tyrosine
residues within acidic stretches substantially enhances the
thrombin inhibitory and anticoagulant potency of madanin-1
by binding the molecule to the active site and exosite II (17).
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Although anticoagulants are widely used for treating and
preventing cancer-associated venous thromboembolism (18),
they have not yet been used as a direct anticancer therapy in
clinical settings. However, in the context of the comprehen-
sive role of thrombin in cancer biology, several studies have
reported the potential therapeutic effects of targeting thrombin
and PAR-1 (19-21). Given that metastatic progression is the
main cause of mortality in patients with cancer (22), and that
thrombin plays a significant role in promoting the migra-
tion and invasion of various tumor cells (23-25), the present
research focused on investigating the effect of recombinant
tyrosine-sulfated madanin-1 on thrombin-induced migration
and invasion of cancer cells, and the intracellular signaling
pathways. An in vitro assay was performed using SKOV3, an
ovarian cancer cell line, and MDA-MB-231, a highly aggres-
sive breast cancer cell line. Well-established and widely used
analytical techniques were employed, including the wound
healing assay and Transwell cell invasion assay (26); these
methods are not only commonly used in cancer research but
are also relatively straightforward, making them essential
tools for investigating migration and invasion (26).

Materials and methods

Expression and purification of madanin-1 wild-type (WT)
and 2 sulfation (2S) proteins. Madanin-1 double-stranded
oligonucleotides were purchased from CosmoGenetech Co.,
Ltd. Codon optimization was performed to improve recom-
binant protein expression, and the two TAC codons of the
madanin-1 WT sequence were changed to two TAG codons
to generate the madanin-1 2S protein (Table I). Nucleotides
were added to make EcoRI and HindlIII restriction sites in
parenthesis (brackets in Table I). The synthesized madanin-1
WT and madanin-1 2S double-stranded oligonucleotides were
inserted into the EcoRI and HindIll digested pET-41a vector
(Novagen; Merck KGaA), which has an N-terminal glutathione
S-transferase, polyhistidine (6xHis) tag and a C-terminal
polyhistidine for purification.

Madanin-1 WT pET-41a (50 ug/ml kanamycin was used
for the selection of transformants), madanin-1 2S pET-41a
and pSUPARG6-L3-3SY (50 pg/ml kanamycin and 50 pg/ml
chloramphenicol were used for the selection of transformants)
were transformed into Escherichia coli BL21 (DE3; RBC
Bioscience Corp.; Fig. 1A and C); the pSUPAR6-L3-35Y
plasmid encodes the components required for the transla-
tional incorporation of sulfotyrosine in response to the TAG
codons (27). Subsequently, the selected BL21 colony was
cultured in 3 ml Luria-Bertani (LB) medium (BD Biosciences)
overnight at 37°C. The following day, cultured madanin-1 WT
transformants were inoculated into 250 ml LB medium until
ODy,=0.5, then 0.1 mM IPTG was added for 5 h at 37°C to
overexpress the fusion proteins. Cultured madanin-1 2S trans-
formants were also inoculated into 250 ml LB medium with
10 mM sulfotyrosine (Bachem) and cultured until ODg,=1,
then 1 mM IPTG was added for 20 h at 25°C to overexpress
the madanin-1 2S proteins.

After centrifuging the medium at 10,000 x g for 10 min
at 25°C, the bacterial pellets containing proteins suspended in
10 ml binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM
Tris-HCI, pH 7.9) were sonicated. The sonication process was

conducted as follows: The sonic probe was activated for 30 sec
(65 Hz), followed by a pause during which the cell suspen-
sion was removed from the probe to chill for 2 min at 4°C.
This cycle was repeated 5 times to ensure lysis of the majority
of the cells. Again, the disrupted cells were centrifuged at
14,000 x g for 30 min at 4°C, and the supernatant was then
used for further purification. The supernatant was applied
to pre-equilibrated Ni-NTA resin (Novagen; Merck KGaA)
with distilled water and binding buffer and allowed to flow by
gravity. The column was washed with 10 volumes of binding
buffer and elution buffer (100 mM imidazole, 0.5 M NaCl,
20 mM Tris-HCI, pH 7.9). Subsequently, dialysis (20 mM
Tris-HCI, 50 mM NaCl, 0.5 mM p-mercaptoethanol, pH 7.5)
was accomplished to remove imidazole for properly storing
purified proteins. Finally, madanin-1 WT and madanin-1 2S
proteins were resolved by SDS-PAGE on 10% gels. After elec-
trophoresis, the gels were stained with Coomassie Blue R-250
for 1 h at 25°C and then destained (Fig. 1B).

Cell culture and treatment. SKOV3 and MDA-MB-231 cells
were purchased from the Korean Cell Line Bank (Korean Cell
Line Research Foundation). The cells were cultured in RPMI
1640 containing 10% FBS, 2 mM L-glutamine, 100 U/ml peni-
cillin and 100 pg/ml streptomycin (all Gibco; Thermo Fisher
Scientific, Inc.), in a humidified 5% CO, incubator at 37°C. For
migration assays, invasion assays and western blot analyses,
cells not treated with thrombin, madanin-1 WT or madanin-1
2S were defined as the control group. In cell viability and
apoptosis assays, cells not treated with either madanin-1 WT
or madanin-1 2S were defined as the control group.

Wound healing assay. SKOV3 (2x10° cells/well) and
MDA-MB-231 cells (3x10° cells/well) were seeded into
24-well plates. After reaching 100% confluence, the cell
monolayers were scratched with a 200-ul sterile pipette tip
to create a vertical wound (26). To avoid any influence from
the cell growth rate, the cell culture medium was changed
from RPMI-1640 supplemented with 10% FBS to serum-free
RPMI-1640. The cells were divided into five groups as follows:
i) Serum-free group (control group); ii) cells treated with
2 U/ml thrombin; iii and iv) cells pretreated with madanin-1
WT or madanin-1 2S (10 gg/ml) for 30 min followed by
thrombin treatment (2 U/ml); and v) cells treated with 2% FBS.
All groups were incubated for 24 h at 37°C. Phase-contrast
images were acquired after scratching and after 24 h of
incubation at 37°C using a DP70 fluorescence microscope
(Olympus Corporation). The wound area was measured using
Image] software 6.0 (National Institutes of Health), and each
experiment was repeated three times. Relative wound area was
calculated using the following formula: Relative wound area
(%)=100x (24 h area of wound/initial area of wound).

Transwell cell invasion assay. The invasion assay was
carried out using an 8-uM pore, 24-well Transwell (Costar;
Corning, Inc.) coated with PBS buffer containing 25 ug
Matrigel (Sigma-Aldrich; Merck KGaA) and 0.1% gelatin
(Sigma-Aldrich; Merck KGaA) for 5 h at 25°C. Cells were
grown to 80% confluence in growth medium, followed by
starvation in serum-free RPMI-1640 for 24 h at 37°C, and
were then seeded (1x10° cells/ml) in the upper chamber (26).
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Table I. Sequences of madanin-1 nucleotides and amino acids.

Name Type Sequence®

Madanin-1 WT Nucleotide (AAAGAATTC) TACCCAGAGCGTGATTCCGCAAAAGAAGGTAACC
AGGAACAAGAGCGGGCGTTGCATGTAAAGGTGCAAAAGCGCAC
TGACGGCGATGCTGACTACGATGAATACGAAGAGGATGGCACAA
CTCCAACGCCCGATCCGACTGCACCTACGGCCAAGCCCAGACTG
CGTGGTAACAAGCCTTAA (AAGCTTAAA)

Madanin-1 25 Nucleotide (AAAGAATTC) TACCCAGAGCGTGATTCCGCAAAAGAAGGTAACC
AGGAACAAGAGCGGGCGTTGCATGTAAAGGTGCAAAAGCGCAC
TGACGGCGATGCTGACTAGGATGAATAGGAAGAGGATGGCACAA
CTCCAACGCCCGATCCGACTGCACCTACGGCCAAGCCCAGACTG
CGTGGTAACAAGCCTTAA (AAGCTTAAA)

Madanin-1 WT Amino acid YPERDSAKEGNQEQERALHVKVQKRTDGDADYDEYEEDGTTPTP
DPTAPTAKPRLRGNKP

Madanin-1 2S Amino acid YPERDSAKEGNQEQERALHVKVQKRTDGDAD_"DE_EEDGTTPTP
DPTAPTAKPRLRGNKP

"Nucleotides are ordered from 5' to 3', and amino acids are ordered from N to C terminus. *Sulfotyrosine site. The brackets indicate nucleotides
that were added to make the EcoRI and HindlIlI restriction sites. WT, wild-type; 2S, 2 sulfation.

A Control (GST) | GST H His-Tag | B g g
(] ©
© ©
S ®

GST-madanin-1 wild-type | GST H His-Tag H Madanin-1 WT | =z =4
- - 180 —*
GST-madanin-1 23ulfation| GST H His-Tag |—| Madanin-1 2S | 95—
72 —| .
55 — W
EcoRl HindIll —
C col ind 43 —
| T7 term I His-Tag Madanin-1 WT His-Tag | 34—
| T7 term | His-Tag | Madanin-1 2S | His-Tag | 25 —|
(kDa)
tRNA

ATG

pET-41a
5933 bp

prok pSUPAR6-L3-3SY

Sulfotyrosine- Sulfotyrosine-
specific specific
synthetase synthetase

Figure 1. Cloning and purification of madanin-1 WT and madanin-1 2S proteins. (A) Diagram of the expressed control, madanin-1 WT and madanin-1 2S
proteins. Madanin-1 was cloned into the EcoRI and HindIII restriction sites of the pET-41a vector. (B) Purified fusion proteins were detected by Coomassie
brilliant blue staining after SDS-PAGE on a 10% gel. (C) Along with pET-41a plasmid encoding madanin-1 WT and madanin-1 2S, pSUPAR6-L3-3SY
plasmid encoding the components necessary for translational incorporation of sulfotyrosine in response to the TAG codon was used. WT, wild-type; 285, 2
sulfation; GST, glutathione S-transferase.

The lower chamber contained serum-free medium with or  (control group); ii) cells treated with 2 U/ml thrombin (2 U/ml
without madanin-1 WT or madanin-1 2S (10 ug/ml). The cells  thrombin was also added to the lower chamber); iii) cells
were divided into four groups as follows: i) Untreated cells  treated with 2 U/ml thrombin and 10 pgg/ml madanin-1 WT
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(2 U/ml thrombin and 10 xg/ml madanin-1 WT were also
added to the lower chamber); and vi) cells treated with 2 U/ml
thrombin and 10 yg/ml madanin-1 2S (2 U/ml thrombin and
10 pg/ml madanin-1 2S were also added to the lower chamber).
All groups were incubated for 24 h at 37°C. After which, the
cells were fixed in 100% methanol for 10 min at 25°C and
stained with 0.1% crystal violet (Thermo Fisher Scientific,
Inc.) for 10 min at 25°C. After which, a cotton swab was used
to remove cells on the upper side of the filter. Images of cells
that migrated to the underside of the filter were captured with a
DP70 fluorescence microscope (Olympus Corporation); three
fields per sample were captured (magnification, 10x).

Western blotting. To evaluate the changes in protein expression
induced by thrombin after treatment with madanin-1, cells
were divided into four groups as follows: i) Untreated cells as
the control group; ii) cells treated with 2 U/ml thrombin; and
iii and iv) cells pretreated with madanin-1 WT or madanin-1
2S (10 pg/ml) for 30 min followed by thrombin treatment
(2 U/ml). All groups were incubated at 37°C for 15 min or 24 h.
Proteins were extracted from cells in cold 1X Cell Lysis Buffer
(Cell Signaling Technology, Inc.) containing 1 mM PMSF and
50 mM NaF. The protein concentration was determined using
a BCA protein assay kit (Thermo Fisher Scientific, Inc.). Equal
amounts of protein (30 pug/lane) were resolved by SDS-PAGE
on 6-10% gels. The proteins were transferred to nitrocellu-
lose membranes (MilliporeSigma). Following blocking with
5% skim milk (BD Biosciences) for 1 h at 25°C, membranes
were probed with primary antibodies (1:1,000) against phos-
phorylated (p)-Akt (cat. no. 4060), Akt (cat. no. 9272), B-actin
(cat. no. 4967), E-cadherin (cat. no. 5296) (all Cell Signaling
Technology, Inc.), p-extracellular signal-regulated kinase
(ERK; cat. no. SC-7383), ERK (cat. no. SC-1647), N-cadherin
(cat. no. SC-393933) and vimentin (cat. no. SC-6260) (all Santa
Cruz Biotechnology) overnight at 4°C. Then, membranes were
incubated with horseradish peroxidase-linked anti-mouse
IgG (cat. no. 7076; 1:1,000) and anti-rabbit IgG (cat.
no. 7074; 1:1,000) secondary antibodies (both Cell Signaling
Technology, Inc.) for 1 h at 25°C. The specific immunoreaction
was detected using Western Blotting Luminol Reagent (cat.
no. SC-2048; Santa Cruz Biotechnology). The relative protein
amount was quantified through densitometry using the Multi
Gauge software version 2.2 (FUJIFILM Corporation).

Cell viability assay. SKOV3 and MDA-MB-231 cells were
seeded into 24-well culture plates at a density of 5x10* cells/well
and were incubated for 48 h at 37°C with or without thrombin
(2 U/ml) following pretreatment with madanin-1 WT or
madanin-1 28 at different concentrations (0, 1, 10 and 20 yg/ml)
for 1 h at 37°C. Following exposure, cells were cleaned and
incubated with 5 mg/ml MTT solution (Sigma-Aldrich; Merck
KGaA) for 2 h at 37°C. A microplate reader (EL 340 Bio
Kinetics Reader; BioTek Instruments; Agilent Technologies,
Inc.) was used to measure the absorbance of the dye at 560 nm
after it had been solubilized with DMSO (Sigma-Aldrich; Merck
KGaA) and background subtraction at 630 nm. Cell viability
was expressed as a percentage compared with control cells.

Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) double staining. SKOV3 and MDA-MB-231 cells were

plated in 6-well plates at 2x10° cells/well. After serum starva-
tion, the cells were treated for 48 h at 37°C with or without
thrombin (2 U/ml) following pretreatment with madanin-1
WT or madanin-1 2S at different concentrations (0, 1, 10 and
20 ug/ml) for 1 h at 37°C. Subsequently, the supernatant and cells
were harvested and washed with PBS. The samples were stained
with Annexin V and PI using the FITC Annexin V Apoptosis kit
(BD Biosciences) according to the manufacturer's protocol. BD
FACSymphony A5 (BD Biosciences) and BD FACSDiva soft-
ware version 9.3.1 (BD Biosciences) were used for data analysis.

Statistical analysis. Data are presented as the mean + standard
deviation of at least three independent experiments. To identify
statistically significant differences in the experimental data,
a one-way analysis of variance was used. Tukey's post hoc
analysis was performed for pairwise comparisons between
conditions. IBM SPSS Statistics 20.0 (IBM Corp.) was
used to analyze the data. P<0.05 was considered to indicate
a statistically significant difference.

Results

Inhibition of cancer cell migration by madanin-1 2S. The
effects of madanin-1 2S compared with madanin-1 WT
on the migration of SKOV3 and MDA-MB-231 cells were
examined through the wound healing assay (Fig. 2). Cells
were pretreated with 10 yg/ml madanin-1 WT or madanin-1
2S for 30 min before treatment with 2 U/ml thrombin for
24 h. Compared with the serum-free group, SKOV3 and
MDA-MB-231 cells treated with thrombin (2 U/ml) exhibited
significant increased migration. Thrombin-induced migration
was significantly inhibited by madanin-1, and the inhibi-
tory effect was more effective when cells were treated with
madanin-1 2S (the relative wound area was 93.3% in SKOV3
and 75% in MDA-MB-231 cells) compared with madanin-1
WT (the relative wound area was 38.2% in SKOV3 and 47.1%
in MDA-MB-231 cells).

Inhibition of cancer cell invasion by madanin-1 2S. The
invasive capacity of cancer cells was analyzed using a
Transwell cell invasion assay (Fig. 3). Cells were treated with
thrombin (2 U/ml) with or without 10 xg/ml madanin-1 WT or
madanin-1 28 for 24 h. The results showed that thrombin treat-
ment significantly enhanced cell invasion in both SKOV3 and
MDA-MB-231 cells compared with untreated control cells.
Madanin-1 2S significantly suppressed thrombin-induced cell
invasion in both cell lines; the inhibitory effect was 427%
higher in SKOV3 cells and 190% higher in MDA-MB-231
cells compared with madanin-1 WT.

Effect of madanin-1 WT and madanin-1 2S on thrombin-
associated ERK expression and the Akt signaling pathway.
Western blot analysis was performed to investigate the
potential effects of madanin-1 WT and madanin-1 2S on
thrombin-associated signaling pathways (Fig. 4). Cells were
left untreated or were pretreated with 10 gg/ml madanin-1
WT or madanin-1 2S for 30 min, followed by treatment with
thrombin (2 U/ml for 15 min). The expression levels of p-ERK
and p-Akt were significantly induced by thrombin; madanin-1
28 significantly inhibited the thrombin-induced expression of
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Figure 2. Effect of madanin-1 WT and madanin-1 2S on cancer cell migration. A monolayer of confluent cells was scraped with a sterile pipette tip after
being preincubated with 10 yg/ml madanin-1 WT or madanin-1 2S. (A) SKOV3 and (B) MDA-MB-231 cells were left untreated or were pretreated with
madanin-1 WT or madanin-1 2S for 30 min, followed by treatment with or without thrombin (2 U/ml) for 24 h, and images of the wound were captured
(magnification, 4x). The wound area was measured in three independent experiments. Madanin-1 2S significantly inhibited thrombin-induced migration
more effectively than madanin-1 WT. Data are presented as the mean + standard deviation of three independent experiments ("P<0.05). WT, wild-type;
28, 2 sulfation; SF, serum free.
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Figure 3. Effect of madanin-1 WT and madanin-1 2S on the invasion of cancer cells. Invasion of (A) SKOV3 and (B) MDA-MB-231 cells were investigated
using a Transwell invasion assay with Matrigel for 24 h. The lower chamber contained serum-free medium with or without madanin-1 WT or madanin-1
2S (10 ug/ml). Representative images and graphs indicating the density of invaded cells per field 24 h after seeding are shown (magnification, 10x). Only
madanin-1 2S treatment significantly inhibited thrombin-induced cell invasion. Data are presented as the mean + standard deviation of three independent
experiments completed in triplicate (‘P<0.05). WT, wild-type; 2S, 2 sulfation.

p-ERK and p-Akt in both SKOV3 and MDA-MB-231 cells, Effects of madanin-1 WT and madanin-1 2S on thrombin-
whereas madanin-1 WT did not significantly inhibit p-ERK  related E-cadherin, N-cadherin and vimentin protein
and p-Akt expression in MDA-MB-231 cells. expression. Protein expression, including cadherin and


https://www.spandidos-publications.com/10.3892/mmr.2024.13238

A + Thrombin B
'_
z & g
£ = o =
s 2 % ¢ E
€ o o o <
o c (] [ o
O = = = =
P-AKE | — — — — %
2
[
o
SKOV3 | P-ERK | mo e =
t-ERK | e w qup W
B-actin N — N— _—
p-Akt — — g
2
- <<
tAKt | - - - o
>
MDA-MB-231 | p-ERK | ™ e wr we é
©
(]
F-ERK | e e w— — =
&
B-actin

JO et al: EFFECTS OF TYROSINE-SULFATED MADANIN-1 ON MIGRATION AND INVASION OF CANCER CELLS

SKOV3 SKOV3
2 * 24 * x
* * < *
o
\ u |
1.5 S 154
o
w
&
14 > 11
‘@
c
S
0.5 o 0517
=
kS
[
0- - i 0= c
= £ Wr 2§ % 'E WT 28
§ g Madanin-1+ 8 S Madanin-_1+
£ Thrombin = Thrombin
MDA-MB-231 MDA-MB-231
67 * * Q 1.5 * *
X I_H_‘
u
2
4 1 E 1
&
2
@
27 8 051
(]
=
©
[0}
0- o -
5 £ Wr 28 5 £ WT 28
= Qo —_— £ _g —_—
3 % Madanin-1+ 8 S Madanin-1+
© E Thrombin £ Thrombin

Figure 4. Effects of madanin-1 WT and madanin-1 2S on signaling pathways. SKOV3 and MDA-MB-231 cells were pretreated with madanin-1 WT or
madanin-1 2S (10 ug/ml for 30 min) prior to treatment with thrombin (2 U/ml for 15 min). The protein expression levels of p-Akt, t-Akt, p-ERK and t-ERK
in SKOV3 and MDA-MB-231 cells were analyzed by western blotting. (A) Representative gel images. (B) In SKOV3 cells, thrombin-induced p-Akt and
p-ERK expression was significantly attenuated by both madanin-1 WT and madanin-1 2S treatment. In MDA-MB-231 cells, thrombin-induced p-Akt and
p-ERK expression was significantly inhibited only by madanin-1 2S treatment. The protein expression levels were normalized to the level of (3-actin in the
same sample. Data are presented as the mean relative density ratio of each protein (phosphorylated form/total form) + standard deviation of three independent
experiments completed in triplicate ("P<0.05). WT, wild-type; 2S, 2 sulfation; p, phosphorylated; t, total; ERK, extracellular signal-regulated kinase.

vimentin expression, was analyzed using western blotting
(Fig. 5). To investigate the effect of madanin-1 on the epithe-
lial-mesenchymal transition (EMT) process, experiments were
performed using highly aggressive MDA-MB-231 cells, well
characterized for their high metastatic phenotype. Cells were
left untreated or were pretreated with 10 yg/ml madanin-1
WT or madanin-1 2S for 30 min, followed by treatment with
thrombin (2 U/ml for 24 h). The results showed that thrombin
significantly suppressed E-cadherin expression, and the expres-
sion was significantly increased by madanin-1 2S but not by
madanin-1 WT. Furthermore, thrombin-induced N-cadherin
and vimentin expression was significantly suppressed by
madanin-1 2S but not by madanin-1 WT.

Effects of madanin-1 WT and madanin-1 2S on cancer
cell viability and apoptosis. Cell viability (Fig. S1), and
apoptosis in SKOV3 (Fig. S2) and MDA-MB-231 (Fig. S3)
cells upon treatment with madanin-1 WT or madanin-1 2S
were detected using the MTT assay and apoptosis assay,
respectively. Cells were pretreated with madanin-1 WT or
madanin-1 2S for 1 h, followed by treatment with or without
thrombin (2 U/ml). The results showed that no significant
levels of apoptosis and no significant changes in cell viability
were induced in SKOV3 and MDA-MB-231 cells by treatment

with madanin-1 WT or madanin-1 28, either in the presence
or absence of thrombin.

Discussion

The present study investigated whether tyrosine-sulfated
madanin-1 2S, a thrombin inhibitor, affected malignant
tumor cell behavior compared with madanin-1 WT, using
SKOV3 and MDA-MB-231 cells. Using a wound healing
assay and Transwell cell invasion assay, it was demonstrated
that madanin-1 28S significantly attenuated thrombin-induced
cancer cell migration and invasion. To the best of our
knowledge, this is the first study to investigate the effects of
madanin-1 on thrombin-related signaling pathways as well as
cancer cell behavior.

Knowledge of the association between hypercoagulability
and the poor prognosis of cancer has grown considerably (7,28).
There are a number of mechanisms that occur in cancer that
can induce thrombin production (29). This is demonstrated in
invasive breast cancer where fibroblast and epithelial expres-
sion of thrombin are significantly increased (30). Thrombin
activates signaling pathways, including the phosphatidylino-
sitol 3-kinase (PI3K) and mitogen-activated protein kinase
(MAPK) cascade via PAR-1 (31); and stimulation of PAR-1
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Figure 5. Effects of madanin-1 WT and madanin-1 2S on the expression of E-cadherin, N-cadherin and vimentin in MDA-MB-231 cells. MDA-MB-231 cells
were pretreated with madanin-1 WT or madanin-1 2S (10 gg/ml for 30 min) prior to treatment with thrombin (2 U/ml for 24 h). The protein expression levels of
E-cadherin, N-cadherin and vimentin were analyzed in MDA-MB-231 cells by western blotting. (A) Representative gel images. (B) Madanin-1 28 significantly
increased E-cadherin expression, which was suppressed by thrombin treatment. The expression of N-cadherin and vimentin induced by thrombin was signifi-
cantly decreased in response to madanin-1 2S. The protein expression levels were normalized to the level of -actin in the same sample. Data are presented

as the mean relative density ratio + standard deviation of three independent experiments completed in triplicate ('P<0.05). WT, wild-type; 28, 2 sulfation.

on tumor cells and stromal cells mediates diverse effects,
including cancer progression, inflammation and immunosup-
pression (32,33). Moreover, Zhong et al (25) reported that
thrombin treatment of SKOV3 cells not only increases invasion
but also upregulates PAR-1. The therapeutic effects of inhib-
iting thrombin action via PAR-1 inhibitors have been reported
in cell experiments; in inflammatory breast cancer (34), PAR-1
antagonist SCH 79797 reduced thrombin-induced invasion of
cell lines, and in epithelial ovarian cancer (21), PAR-1 antago-
nist vorapaxar reversed thrombin-induced proliferation of
cell lines. Furthermore, in previous animal experiments, the
group injected with PAR-1-deficient lung cancer cells showed
a higher survival rate and lower tumor volume (35). Likewise,
the data from the present study showed that thrombin treat-
ment increased p-Akt and p-ERK expression, as well as cancer
migration and invasion in SKOV3 and MDA-MB-231 cells.
It is hypothesized that thrombin inhibition by madanin-1 2S
could effectively block PAR-1 signaling in the tumor micro-
environment.

The process of tyrosine sulfation, which is a post-transla-
tional modification, is involved in various biological processes,
including hemostasis (36). For example, sulfation of a tyrosine
residue within the acidic tail of the anticoagulant hirudin
increases the affinity of hirudin for thrombin by >10-fold (37).
A total of two tyrosine residues (Y32 and Y35) of madanin-1 are
found within acidic stretches and provide suitable sites for sulfa-
tion by tyrosylprotein sulfotransferase enzymes that catalyze
the transfer of the sulfuryl group (17,38). Thompson et al (17)
demonstrated that disulfated variants of madanin-1 at Y32
and Y35 can enhance the magnitude of thrombin inhibition
relative to unsulfated madanin-1. The disulfated madanin-1
has been shown to prolong TT to a similar degree at 500-fold
lower concentrations than unsulfated madanin-1 (28.7+0.9
sec at 0.01 and 5 M, respectively) (17). In the present study,
recombinant tyrosine-sulfated madanin-1 protein was manu-
factured using pET-41a and pSUPAR6-L3-3SY plasmid in an
E. coli cell system, and this purified madanin-1 2S protein was
used for the experiments. The present study showed that the
migration and invasion of SKOV3 and MDA-MB-231 cells

induced by thrombin were more effectively suppressed by
madanin-1 2S treatment than by madanin-1 WT.

EMT is a reversible cellular process that allows epithelial
cells to acquire mesenchymal features, which increases the
metastatic potential of cancer cells and confers resistance to
chemotherapy and immunotherapy (39). EMT activation trig-
gers the downregulation of E-cadherin, and upregulation of
vimentin and N-cadherin, which are considered to play vital
roles in inducing invasion and metastasis (39,40). E-cadherin
is known to be a potent tumor suppressor, and the upregulated
expression of N-cadherin negatively affects the overall survival
and progression of patients with cancer (41,42). There is
mounting evidence that targeting E-cadherin and N-cadherin
could be a promising approach for cancer treatment (41-44).
In the context of thrombin, several studies have reported that
thrombin induces EMT in various cells, including gastric (45)
and ovarian cancer cells (25). The data from the present
study were consistent with these studies whereby thrombin
significantly reduced E-cadherin expression in MDA-MB-231
cells, whereas its expression was significantly increased in
response to madanin-1 2S treatment, but not madanin-1 WT
treatment. Moreover, madanin-1 2S significantly reduced
thrombin-induced expression of vimentin and N-cadherin,
while madanin-1 WT showed no effect. The switch in expres-
sion from E-cadherin to N-cadherin by thrombin indicates
activation of the EMT process, and these findings suggested
that madanin-1 2S may have a therapeutic effect by inhibiting
metastasis.

The PI3K/Akt/mammalian target of rapamycin (mTOR) and
MAPK/ERK signaling pathways, which regulate fundamental
cellular functions, are activated downstream from cell surface
receptors, such as receptor tyrosine kinases and GPCRs (46).
Mutations in the molecules involved in these pathways have
been found in various types of cancer, and dysregulated
signaling transduction plays an important role in mediating
oncogenic signals, enhancing cancer cell growth, survival and
metabolism (47). Moreover, activated Akt and ERK are also
implicated in orchestrating EMT by regulating EMT-inducing
transcription factors (39,48). Accordingly, research and clinical
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trials for anticancer agents targeting molecules in these path-
ways are being actively conducted (46,47,49). Several agents
are used in clinical practice, such as alpelisib (PI3K p110a
inhibitor) and everolimus (mTOR complex 1 inhibitor), which
have been approved by the US Food and Drug Administration
for the treatment of advanced breast cancer (50). In the
present study, thrombin-induced expression of p-Akt and
p-ERK was significantly inhibited by madanin-1 2S in both
SKOV3 and MDA-MB-231 cells. These results suggested
a potential molecular mechanism wherein madanin-1 2S
inhibits thrombin-induced Akt and ERK signaling pathways,
subsequently impeding cancer development, including EMT.

The exact mechanism of madanin-1 in the pathogenesis of
cancer has yet to be elucidated, and further studies on its mode of
action are needed. While other cysteine-less thrombin inhibitors,
such as variegin and anophelin, occupy the active site of thrombin
with strong affinity, madanin-1 competitively binds to thrombin
with low affinity (15). Madanin-1 is cleaved by clotting factor
Xa as well as thrombin, and thrombin-cleaved madanin-1 conse-
quently loses its inhibitory function (15), limiting its effectiveness
as an inhibitor. Thrombin rapidly cleaves both unsulfated and
sulfated madanin-1 at specific sites (17). However, unlike cleaved
fragments from unmodified madanin-1, synthesized disulfated
madanin-1 fragments have been shown to exert a similar inhibi-
tory activity to the full-length molecule (17). These findings
indicated that the inhibitory activity of disulfated madanin-1
is not substantially affected by thrombin processing (17), and
madanin-1 2S might be a more effective therapeutic agent than
madanin-1 WT. To the best of our knowledge, the present study
demonstrated the therapeutic potential of madanin-1 2S for
cancer for the first time in vitro.

Notably, there are some limitations to the present study.
Firstly, the lack of reported preclinical studies or therapeutic
applications related to madanin-1 results in an insufficient safety
profile and pharmacological information. Secondly, madanin-1
2S did not induce significant levels of apoptosis and significant
changes in cell viability in cancer cells. However, as the mecha-
nism of madanin-1 2S involves inhibiting the interaction between
thrombin and cancer cell receptors, rather than directly inducing
cell apoptosis, it is hypothesized to have potential as a novel thera-
peutic agent for inhibiting the spread of cancer. Finally, as a tumor
microenvironment closely related to cancer development (51)
was not sufficiently reflected in the present study, further in vivo
studies and clinical trials are necessary to verify the actual effects
and biological mechanisms of sulfated madanin-1.

In conclusion, post-translational sulfation of madanin-1, a
small cysteine-free anticoagulant, showed enhanced inhibitory
activity on thrombin-induced cancer cell behavior in vitro. The
strengthened inhibitory effect of madanin-1 2S on thrombin
may have resulted in the inhibition of the EMT process, and Akt
and ERK phosphorylation, leading to the suppression of breast
and ovarian cancer cell migration and invasion. Taken together,
the present study suggested the possibility of tyrosine-sulfated
madanin-1 as a therapeutic candidate in the field of cancer therapy.
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