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Abstract. Background/Aim: Osteosarcoma is the most
malignant type of bone tumor. Patients with osteosarcoma
metastases have a poorer prognosis than those without
metastases. Thus, the prognosis of osteosarcoma patients with
metastases must be improved. Materials and Methods: The
present study investigated the inhibitory effects of 6-
hydroxythiobinupharidine isolated from Nuphar pumilum on
migration of LMS8 murine osteosarcoma cells by a migration
assay and also examined the expression of proteins related to
actin dynamics by western blot. The present study also
developed an automatic cell counting system using machine
learning to count migrated cells by Fiji and Trainable Weka
Segmentation. Results: 6-Hydroxythiobinupharidine inhibited
migration of LM8 osteosarcoma cells in a dose-dependent
manner, and decreased protein expression of Linll, Isl-1,
and Mec-3 domain kinase 1 (LIMKI) and the levels of
phosphorylated Cofilin. Conclusion: 6-Hydroxythiobinu-
pharidine suppressed migration of LM8 osteosarcoma cells by
decreasing expression of LIMK1. 6-Hydroxythiobinupharidine
could be potentially used as an anti-metastatic compound.

Osteosarcoma is the most malignant type of bone tumors and
preferentially develops in young and elderly patients (1).
Patients with localized osteosarcoma are expected to be cured
by surgery and chemotherapy; however, it is difficult to cure
osteosarcoma patients with distant metastases (2). In
particular, osteosarcoma patients with lung metastases have a
poor prognosis and their 5-year survival rate is lower than
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that of osteosarcoma patients without metastases (3, 4).
Therefore, effective agents to inhibit osteosarcoma metastases
must be identified.

The nupharidine compound 6-hydroxythiobinupharidine is
the main constituent of the rhizome of Nuphar pumilum.
Recent studies have shown that nupharidine compounds have
anti-cancer and anti-metastatic effects (5, 6). This study aimed
to investigate the inhibitory effects of 6-hydroxythio-
binupharidine on the migration of LM8 osteosarcoma cells
and to elucidate the underlying mechanism.

Materials and Methods

Cell culture and preparation of 6-hydroxythiobinupharidine. The
LMBS8 murine osteosarcoma cell line was established from the Dunn
osteosarcoma cell line and has a high lung metastatic potential (7).
These cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM; Nacalai Tesque, Kyoto, Japan) containing
10% heat-inactivated fetal bovine serum (Sigma-Aldrich, St. Louis,
MO, USA) and 1% penicillin-streptomycin (Thermo Fisher
Scientific, Tokyo, Japan) and maintained in a fully humidified
incubator at 37°C with 5% CO,. 6-Hydroxythiobinupharidine was
isolated from the rhizome of N. pumilum by the Department of
Pharmacognosy at Kyoto Pharmaceutical University. It was
dissolved in dimethyl sulfoxide (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) to a concentration of 100 mM, and
stored at —30°C.

WST-8 assay. The cytotoxic effect of 6-hydroxythiobinupharidine on
LMB8 cells was investigated by the WST-8 assay using a Cell Counting
Kit-8 (DOJINDO, Kumamoto, Japan) as previously reported (8). In
brief, 3x103 LMS cells were seeded into each well of a flat-bottomed
96-well plate (Thermo Fisher Scientific) in 100 ul of medium and
treated with various concentrations (0.1, 1, 3, and 10 uM) of 6-
hydroxythiobinupharidine or remained untreated (0 uM) for 72 h.

Fiji and Trainable Weka Segmentation (TWS; ver.3.2.33). Fiji (9) is

an alternative to Image] with many plugins to analyze scientific
images (10). Fiji (Windows platform) was downloaded and installed
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from (9). TWS is a Fiji plugin that combines a collection of
machine learning algorithms with a set of selected image features
to generate pixel-based segmentations (11).

Development of an automatic cell counting system (ACCS) with
machine learning. Migrated cells needed to be counted in the
migration assay. However, there is no system to automatically count
such cells. Therefore, an ACCS was developed using Fiji and a
machine learning method (TWS). To evaluate the practicality of the
ACCS, 15 randomly chosen images from the migration assay were
used for learning and 36 and 348 images were used for testing.
TWS was performed using 15 randomly chosen images as learning
data from among many images of the migration assay. Based on
this, an ACCS was developed. The machine learning system
recognized the number of nuclei as the number of cells. Cells in 36
images of the migration assay were manually counted by five
investigators and automatically counted by the ACCS. The 36
average values generated by the five investigators and the 36 values
generated by the ACCS were determined. Thereafter, cells in 348
images of the migration assay were manually counted by one
investigator and automatically counted by the ACCS. The 348
values generated by the one investigator and the 348 values
generated by the ACCS were determined. The values obtained by
manual counting and those using the ACCS were divided by the
average number of cells counted upon treatment with O uM 6-
hydroxythiobinupharidine and converted into percentages using
Microsoft Excel for Windows 2019. The correlation and slope,
correlation coefficient (r), 95% confidence interval (CI) of the slope,
and r for each percentage value when comparing manual counting
and the ACCS were determined using the 36 and 348 images.

Cell migration assay. LM8 cells (3.0x10% cells/ml in serum-free
DMEM) were seeded into cell culture inserts containing pores with
a diameter of 8 wm (BD Biosciences, San Jose, NJ, USA). The
inserts were placed in 24-well companion plates (BD Biosciences)
with  DMEM containing 1% fetal bovine serum as a
chemoattractant. 6-Hydroxythiobinupharidine was added to the
insert at various concentrations (0.1 and 1 uM) or not added (0 uM).
After 24 h, non-migrated cells in the upper chamber were removed
with a cotton swab. Migrated cells in the bottom chamber were
fixed with 100% methanol for 2 min and stained with Giemsa stain
solution (Wako, Osaka, Japan) for 15 min. Images of migrated cells
in three randomly chosen fields (40x magnification) per insert were
acquired under a BX50 light microscope (Olympus, Tokyo, Japan)
equipped with a DP72 digital camera (Olympus). Migrated cells in
these images were counted using the ACCS.

Western blot analysis. LM8 cells were seeded into 6-cm dishes
(Thermo Fisher Scientific) at a density of 3.0x10% cells/ml. After
treatment with or without 6-hydroxythiobinupharidine for 2 h, LM8
cells were collected as described previously (8). Samples (20 pg of
protein) were blotted with primary antibodies against the following
proteins: cell division cyclin 42 (Cdc42; Cell Signaling Technology,
Beverly, MA, USA), Ras-related C3 botulinus toxin substrate 1
(Racl; BD Pharmingen, San Jose, CA, USA), Rho family small GTP-
binding protein A (RhoA; Santa Cruz Biotechnology, Dallas, TX,
USA), Rho-associated protein kinase 1 (ROCK1; BD Pharmingen),
LIMKI1 (Cell Signaling Technology), Cofilin and phospho-Cofilin
(Ser3) (Cell Signaling Technology), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Cell Signaling Technology). Horseradish
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Table 1. Correlation analysis of manual counting and the automatic cell
counting system using 36 images.

0.996
(0.976-1.015)

Slope
(95% confidence interval)

0.998
(0.997-0.999)

Correlation coefficient
(95% confidence interval)

p-Value (two-tailed) <0.0001

Table I1. Correlation analysis of manual counting and the automatic cell
counting system using 348 images.

0.950
(0.929-0.972)

Slope
(95% confidence interval)

0.978
(0.973-0.982)

Correlation coefficient
(95% confidence interval)

p-Value (two-tailed) <0.0001

peroxidase-coupled anti-rabbit and anti-mouse IgGs were used as
secondary antibodies. Bands corresponding to immunoreactive
proteins were visualized with Amersham ECL or an ECL Prime
Western Blotting Detection Kit (GE Healthcare, Little Chalfont, UK).

Statistical analysis. Data are presented as means+standard errors of
the means (SEM) of three independent experiments. All analyses
were conducted using GraphPad Prism 5 (GraphPad Software Inc.,
San Diego, CA, USA). Three or more groups were statistically
compared using a one-way analysis of variance (ANOVA) and
multiple comparisons of means were performed with Bonferroni’s
correction. p<0.05 was considered significant. The significance of
the r values when comparing manual counting and the ACCS using
36 and 348 images was determined by calculating the Pearson
correlation using GraphPad Prism 5. The p-value of the r value
indicated whether it significantly differed from zero. p<0.05 was
considered significant.

Results

Cell counting using the ACCS correlates with manual
counting. We analyzed the correlation and slope, r, 95%CI
of the slope, and r for each percentage value when
comparing manual counting and the ACCS using 36 images
(Figure 1A and Table I) and 348 images (Figure 1B and
Table II). There was a high correlation when comparing each
percentage value between manual counting and the ACCS
using 36 images (r=0.998; p<0.0001) and 348 images
(r=0.978; p<0.0001). Thus, the ACCS generated similar
results as manual counting and was therefore used for
subsequent measurements.
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Figure 1. Comparison of the ACCS and manual counting. (A) Correlation analysis of manual counting and the ACCS using 36 images (r=0.998,
p<0.0001). The gray line is the slope (slope=0.996). (B) Correlation analysis of manual counting and the ACCS using 348 images (r=0.978,
p<0.0001). The gray line is the slope (slope=0.950). The significance of the r values between manual counting and the ACCS using 36 and 348
images was determined by calculating the Pearson correlation using GraphPad Prism 5. The p-value of the r value indicated whether it significantly
differed from zero. p<0.05 was considered significant.
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Figure 2. Results of the WST-8 and migration assays. (A) Structure of 6-hydroxythiobinupharidine. (B) Cytotoxic effects of 6-hydroxythiobinupharidine on
LMS cells in the WST-8 assay. LMS cells were treated with various concentrations (0.1, 1, 3, and 10 uM) of 6-hydroxythiobinupharidine or not treated (0
uM) for 72 h. Data represent the mean+SEM of three independent experiments. Means+SEM were analyzed using a one-way ANOVA and multiple
comparisons of means were performed with Bonferroni’s correction. p<0.05 was considered significant. ns: Not significant; ***p<0.001. (C) Inhibitory
effect of 6-hydroxythiobinupharidine on migration of LMS8 cells as shown in the migration assay. LMS cells were treated with various concentrations (0.1
and 1 uM) of 6-hydroxythiobinupharidine or not treated (0 uM) for 24 h. Data represent the mean+SEM of three independent experiments. Means+SEM
were analyzed using a one-way ANOVA and multiple comparisons of means were performed with Bonferroni’s correction. p<0.05 was considered significant.
ns: Not significant; **p<0.01. (D) Images of migrated cells after treatment with or without 6-hydroxythiobinupharidine for 24 h. Scale bars: 200 um.
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Figure 3. Effects of 6-hydroxythiobinupharidine on protein expression in LMS8 cells. LM8 cells were treated with various concentrations (0.1 and 1
uM) of 6-hydroxythiobinupharidine or not treated (0 uM) for 2 h. Thereafter, the expression levels of (A) RhoA, (B) Racl, (C) Cdc42, (D) ROCKI,
(E) LIMK1, (F) phosphorylated Cofilin and Cofilin were assessed by western blotting. GAPDH was used as a loading control.

Determination of 6-hydroxythiobinupharidine concentrations
that do not affect growth of LMS cells. The WST-8 assay was
conducted to investigate whether 6-hydroxythiobinupharidine
(Figure 2A) affected growth of LM8 cells. Cell growth was
inhibited by treatment with 6-hydroxythiobinupharidine at
concentrations of 3 M or higher, but not at concentrations of
1 uM or lower (Figure 2B). Therefore, we treated cells with
0.1 and 1 pM 6-hydroxythiobinupharidine in the migration
assay to investigate the direct effects of this compound on cell
migration.

6-Hydroxythiobinupharidine inhibits migration of LMS cells.
Migration assays were conducted to investigate the inhibitory
effects of 6-hydroxythiobinupharidine on migration of LM8
cells. Treatment with 6-hydroxythiobinupharidine at
concentrations that did not affect cell growth inhibited
migration of LMS cells in a dose-dependent manner (Figure
2C, D).

6-Hydroxythiobinupharidine decreases the expression levels
of LIMK1 and phosphorylated Cofilin. Cell migration involves
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polymerization and depolymerization of actin (12, 13), which
are controlled by Cdc42, Rac, Rho, LIMK, and Cofilin (14-
16). Further, by decreasing expression of Cdc42, the motility
of LM8 cells was decreased (17). We hypothesized that the
inhibitory effect of 6-hydroxythio-binupharidine on the
migration of LM8 cells involved actin polymerization, actin
depolymerization, and actin cytoskeleton formation.
Therefore, western blotting was conducted to investigate
whether 6-hydroxythiobinupharidine affected the expression
levels of RhoA, Racl, Cdc42, ROCK1, LIMK1, Cofilin, and
phosphorylated Cofilin (Ser3). 6-Hydroxythio-binupharidine
decreased the expression levels of LIMK1 and phosphorylated
Cofilin, but did not change those of RhoA, Racl, Cdc42,
ROCKI1, or Cofilin (Figure 3A-F).

Discussion

In this study, we developed an ACCS using machine learning
as a cell counting method that was independent of investigators
to obtain consistent results in the migration assay. Cell counting
is important in migration assays. However, this process is
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Figure 4. A model of the mechanism by which 6-hydroxythiobinupharidine inhibits cell migration. 6-Hydroxythiobinupharidine decreases expression
of LIMK]1 and thus the levels of phosphorylated Cofilin. As a result, actin regulation is disrupted and cell migration is inhibited.

easily influenced by the experience and technique of
investigators, and it is difficult to ensure the accuracy and
reproducibility of results between different investigators.
Therefore, we developed an ACCS that recognized nuclei using
machine learning to count the number of nuclei as the number
of cells. Evaluation of the correlation of each percentage value
between manual counting and the ACCS demonstrated the
practicality of this system. We believe that the ACCS provides
consistent cell counts in migration assays. The source code and
learning data of the ACCS are available at (18).

We next investigated whether 6-hydroxythiobinupharidine
inhibits migration of LM8 osteosarcoma cells using transwell
chambers and explored the underlying mechanism by
performing western blotting. Nupharidine compounds from
rhizomes of N. pumilum have several biological activities
including immunosuppressive, anti-metastatic, and rapid
apoptosis-inducing effects (19). 6-Hydroxythiobinupharidine is
a nupharidine compound. Nuphar lutea leaf extracts elicit anti-
metastatic effects on the human alveolar adenocarcinoma A549
cell line and the human breast cancer MCF-7 cell line by
inhibiting nuclear factor-kB (6). Reorganization of the actin
cytoskeleton plays important roles in cell migration and
involves many molecules (20). LIMK1 and Cofilin are
important molecules that regulate actin polymerization and
depolymerization (21). The serine/threonine kinase LIMK1

participates in the regulation of the actin cytoskeleton
architecture and actin dynamics by phosphorylating Cofilin at
Ser3 (22). Cofilin is involved in polymerization and
depolymerization of actin (23). Activation of Cofilin via
inhibition of LIMK by cucurbitacin E suppressed migration of
intestinal epithelial cells in vitro by disrupting actin dynamics
(24). MicroRNAs targeting LIMK1 or components of the
LIMK1/CFL1 pathway suppressed the motility of breast cancer
cells (25, 26). Down-regulation of Cofilin by alendronate in
PC3 prostate cancer cells disrupted the actin cytoskeleton and
inhibited migration (27). The current study showed that 6-
hydroxythiobinupharidine inhibited migration of LMS8
osteosarcoma cells and decreased the expression levels of
LIMKI1 and phosphorylated Cofilin, which is a novel discovery.

In conclusion, our results suggest the nupharidine
compound 6-hydroxythiobinupharidine inhibits migration of
LMB8 osteosarcoma cells by decreasing the expression levels
of LIMK1 and phosphorylated Cofilin. We consider that 6-
hydroxythiobinupharidine decreases expression of LIMK1
and thereby the levels of phosphorylated Cofilin. In this way,
we believe that 6-hydroxythiobinupharidine disrupts actin
regulation and inhibits cell migration (Figure 4). Thus, 6-
hydroxythiobinupharidine can effectively inhibit the
formation of metastases by inhibiting cell migration, which
is the first stage of metastasis.
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