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Sulfated Polysaccharide From Undaria
Pinnatifida Induces Apoptosis and
Inhibits Proliferation, Migration, and
Invasion in Ovarian Cancer via
Suppressing the Hedgehog Signaling
Pathway

Yi Yang, Qin Zhang, Yongping Xu, Gang Chen and Yukuan Qiu*

Department of Oncology, China Coast Guard Hospital of the People’s Armed Police Force, Jiaxing, China

Objective: To investigate the effects of sulfured polysaccharide from Undaria pinnatifida
(SPUP) on the biological behaviors of ovarian cancer (OC) cells and its potential
mechanism.

Methods: Sulfated polysaccharide from Undaria pinnatifida (SPUP) was extracted and
characterized through a combination of chemical analysis, IR spectra, UV-Vis, gas
chromatography, and high-performance gel permeation chromatography. OC and
human ovarian surface epithelial cells were used as working model in vitro for
evaluation of SPUP’s therapeutic effects. A combination of CCK-8, Transwell, and flow
cytometry assay was used to measure the proliferation, migration, invasion, and apoptosis
of OC cells, respectively. In addition, the protein expression levels of cells were also
measured by Western blot.

Results: SPUP suppressed OC development from three different perspectives: 1) SPUP
treatment significantly inhibited the proliferation of OC in a dosage-dependent manner (p <
0.05); 2) SPUP inhibited the migration and invasion of OC cells confirmed by scratch and
Transwell experiments (o < 0.05); 3) SPUP induced apoptosis in OC cells and thus further
inhibited the growth of OC cells evaluated using flow cytometry (o < 0.05). The underlying
mechanism of the suppressing effects of SPUP might be related to the inhibition of the
hedgehog (Hh) signaling pathway in OC cells after SPUP treatment. With additional
suppression of the Hh signaling pathway, the anticancer effects of SPUP were
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enhanced (p < 0.05).

Conclusion: Taken together, SPUP could inhibit the proliferation, migration, and invasion
and induce apoptosis of OC cells by inhibiting the activation of the Hh signaling pathway,
which proposes SPUP as a novel drug to treat OC clinically.

Keywords: sulfated polysaccharide from undaria pinnatifida, epithelial ovarian cancer, hedgehog signaling pathway,
apoptosis, proliferation, migration, invasion
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INTRODUCTION

There are approximately 239,000 new cases of ovarian cancer
(OC), the deadliest gynecological tumor in women, developed
and 152,000 deaths worldwide every year (Ferlay et al., 2015). Due
to the difficulty of early diagnosis and the drug resistance of
chemotherapy, OC has become the leading cause of death in
patients with gynecological malignant tumors (Torre et al., 2018),
among which epithelial OC is the most critical pathological
subtype of OC, accounting for 90% of primary ovarian
malignant tumors (Mutch and Prat, 2014; Fu et al., 2016). Till
now, cytoreductive surgery combined with platinum and
paclitaxel-based chemotherapy is the standard treatment
strategy for epithelial OC. However, about 70% of patients
relapse after the initial treatment and often develop resistance
to platinum chemotherapy after recurrence (Chien et al., 2013).
OC can metastasize rapidly in a short time and has a high degree
of malignancy. Due to the fact that there is no satisfactory
treatment for advanced patients, the 5-year survival rate of
patients with advanced epithelial OC is only 29% (Reid et al,
2017). Therefore, it is urgent to develop a new, safe, and effective
drug with minor side effects to control the progression of OC and
reduce patient mortality.

In recent years, natural antitumor polysaccharides have
gradually attracted the attention of cancer experts and scholars
because of their significant anticancer effects with less toxic and
side effects (Zong et al, 2015). It has been reported that
polysaccharides could inhibit the proliferation of tumor cells
and directly induce apoptosis or trigger immune enhancement
activity combined with chemotherapy (Zong et al, 2012;
Chowdhury et al,, 2015). Undaria pinnatifida (UP), as seafood,
is distributed worldwide (Zhou et al, 2015). The main
compounds of UP are protein, polysaccharides, and minerals.
Further, studies reported that UP had various biological
functions, including immune regulation and anticancer (Wu
et al, 2019; Yu et al, 2019). Sulfated polysaccharide from
Undaria pinnatifida (SPUP), a critical component of US, is a
hot research topic especially in the field of cancer treatment. It has
been proved that SPUP plays a critical role in anti-breast cancer
treatment by inhibiting the proliferation and migration of as well
as inducing apoptosis in breast cancer cells (Wu et al., 2019). In
addition, other studies have shown that SPUP could be
encapsulated into nanoparticles and delivered through
injection to inhibit the migration and invasion of pancreatic
cancer cells; thus, SPUP was identified as a target drug for
pancreatic cancer treatment (Song et al., 2019). However, the
effects and activity of SPUP in OC remain unclear and require
further studies.

The hedgehog (Hh) signaling pathway plays an important role
in determining cell fate including regulating proliferation,
migration, and invasion (Liu et al., 2018). It was reported that
the aberrant activation of the Hh signaling pathway was
associated with tumorigenesis and progression of human
cancer (Skoda et al., 2018). In OC, Liu et al. found that DHA
could induce apoptosis and inhibit proliferation, migration, and
invasion in ovarian cancer cell via suppressing the Hh signaling
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pathway (Liu et al., 2018). However, there is no study about the
effects of SPUP on OC progression.

Taken together, this study aimed to study the effects of SPUP
on cell proliferation, migration, invasion, and apoptosis in OC
epithelial cells and further investigate its potential mechanism,
providing novel insights for further potential identification of
SPUP as a therapeutic drug in OC treatment.

MATERIALS AND METHODS

Extraction and Identification of SPUP

SPUP was prepared as previously published (Zhao et al., 2018).
The UP was purchased from the local seafood market and rinsed
with precooled ultrapure water to remove impurities. The cleaned
UP was cut into 3-5-cm-long pieces and crushed with a high-
speed grinder. The obtained homogenate was continuously
stirred in absolute ethanol to remove lipids and other
impurities. The suspension was centrifuged at room
temperature at 5,000 rpm for 30 min and air-dried to obtain
powder. A volume of 20g UP powder was resuspended in
distilled water with a ratio of 1:20 (powder mass and water
volume, g/mL), extracted for 5h in the reflux device, and
centrifuged at room temperature at 5,000 rpm for 20 min. The
supernatant was collected and concentrated to about 50 ml with a
vacuum rotary evaporator. It was then deproteinized by the Sevag
method (Sevag et al., 1938). After that, the solution was mixed
with four times the volume of absolute ethanol and stirred
violently and overnight at 4°C. The next day, the mixture was
centrifuged at 4°C at 5,000 rpm for 20 min. The sediment was
collected following by vacuuming and stored in the refrigerator at
-80°C. To identify the properties of SPUP, chemical analysis, gas
chromatography (GC), high-performance gel permeation
chromatography (HPGPC), infrared spectroscopy, and
ultraviolet, visible spectroscopy (UV-1800 spectrophotometer,
Shimadzu, Kyoto, Japan) were used for evaluation.

Cell Culture

OC cell lines (SKOV3, A2780) and human ovarian surface
epithelial cells (HOSEPICs) were purchased from Shanghai
Fuheng Biotechnology Co., Ltd. The cells were incubated in a
humidified incubator at 37°C and 5% CO, using RPMI 1640
medium with 10% fetal bovine serum and 1% penicillin and
streptomycin.

Cell Proliferation was Measured by Cell
Counting Kit-8

OC cells in the logarithmic growth stage were inoculated into 96-
well plates (10* cells/well) and cultured in an incubator at 37°C
and 5% CO, for 24 h. The cells were divided into the control and
different-concentration =~ SPUP  treatment groups (the
concentrations were 25, 50, 100, 150, and 200 pg/ml),
incubated for 24h after corresponding treatment. After
addition of 10 ul CCK-8 solution, the cells were cultured for
another 2 h in the incubator. The 96-well plates were placed in a
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spectrophotometer to measure the absorbance value at 450-nm
wavelength.

Cell Migration Activity was Detected by the

Transwell Method

The cells were divided into the control and SPUP treatment
groups (100 pg/ml) and inoculated into the Transwell upper
chamber (Corning, NY, USA) at the density of 10° cells/well.
The corresponding culture medium without fetal bovine serum
was added into the upper chamber for 24 h 600 ul RPMI 1640
medium containing 20% fetal bovine serum which was added in
the lower chamber simultaneously. After 24h, the non-
migrating cells on the top of Transwell ependyma were
removed with a cotton swab. The cells were fixed with 1%
paraformaldehyde at room temperature for 30 min and stained
with 2% crystal violet for 30 min. The transmembrane cells on
the ventricular membrane were imaged with an inverted
microscope.

Transwell Method was Used to Detect the
Invasive Activity of Cells

The cells were inoculated into the Transwell upper chamber
(Corning, USA) with Matrigel glue at 2 x 10°/well density.
The cells in the upper chamber were cultured with a
corresponding culture medium without fetal bovine serum for
24 h with 600 ul RPMI 1640 medium containing 20% fetal bovine
serum in the lower chamber simultaneously. After 24 h, the non-
migrating cells on the top of Transwell ependyma were removed
with a cotton swab. After 1% paraformaldehyde was fixed at room
temperature for 30 min and stained with 2% crystal violet for
30 min, the transmembrane cells on the ventricular membrane in
3 randomly selected fields of each group were imaged with an
inverted microscope to count the cell number.

Flow Cytometry was Utilized to Measure
Apoptosis

Apoptosis was determined by Annexin V-FITC/PI double
staining. The cells were divided into control and SPUP
treatment groups, inoculated in 6-well plates at the density of
10°/well, and treated the next day. After 24 h of culture, the cells
were trypsinized and transferred to the centrifuge tube and
washed with precooled PBS 3 times with centrifuging 5 min
each. After cell pellets were obtained, 500 ul combined buffer
was added and incubated in the dark, in which 5 pl Annexin
V-FITC was added with 10 pl PI staining solution. The cells were
cultured in the dark at room temperature for 15 min. Then, flow
cytometry was performed and analyzed using FlowJo software to
evaluate cell apoptosis.

Western Blot was Used to Detect the

Protein Expression of Cells
RIPA (Beyotime Technology, China) containing PMSF and
phosphotransferase inhibitor was used for cell protein

SPUP on OC Cells

extraction. The BCA protein concentration analysis kit
(Beyotime Technology, Shanghai, China) was used to
determine the protein concentration. An equal amount of
proteins was separated using SDS-PAGE gel (12%) and
transferred to the PVDF membrane (Millipore, Bedford, MA,
USA). Subsequently, the membrane was blocked with 5%
skimmed milk at room temperature for 1h and incubated
with the corresponding primary antibody at 4°C overnight.
The horseradish peroxidase bound secondary antibody was
used to incubate at room temperature for 1h. Protein
fluorescence imaging was performed in the developing system
using an ECL luminescent solution (Millipore, USA). Primary
reactance includes B-actin (1:3,000, ab8226, Abcam, United
Sates), Shh (1,000, ab53281, Abcam), Glil (1:1,000, ab134906,
Abcam), Ptchl (1:500, ab53715, Abcam), and Smo (1:1,000,
ab72130, Abcam).

Statistical Analysis

All experiments were repeated three times independently. All
measurement data in this study were expressed as mean +
standard deviation. SPSS 20.2 (SPSS, Chicago, IL, USA) was
used. Under the same conditions, one-way ANOVA was used
for intragroup comparison. Different groups were compared
using Student’s t-test. When p < 0.05, the difference was
significant.

RESULTS

Identification of Physical and Chemical
Properties of SPUP

Through chemical analysis, the main contents of SPUP were
identified as total sugar (80.21%), uronic acid (3.56%), and
protein (7.32%). Notably, the percentage of sulfate in SPUP
was 29.47%, suggesting that SPUP was an acid-free
polysaccharide. As shown in Figure 1A, consistent with
chemical composition analysis, the UV-Vis spectrum of
SPUP reported an obvious absorption at almost 280 nm,
indicating the existence of protein or nucleic acid in SPUP
(Feng et al., 2010; Zhao et al., 2018).

Following, the monosaccharide composition of SPUP was
analyzed and cross referenced with the chromatogram of
monosaccharide standard. As shown in Figure 1B,
monosaccharide standards of rhamnose, arabinose, fucose,
xylose, mannose, glucose, and galactose were separated well
under GC conditions. In contrast, SPUP was mainly composed
of fucose, glucose, and galactose, with a molar ratio of 27.22:19.32:
53.46 (Figure 1C).

In addition, the bond structure of SPUP was determined by
infrared spectroscopy. Similar to common carbohydrate
features, SPUP exhibited a stretching vibration of the O-H
bond at 3,437.1 cm-1 (Figure 1D). A stretching vibration of
the C-H key could then be seen at 2,981.3 cm-1. The moderate-
intensity absorption peaks appeared at 1,661.2 and 1,638.7 cm-
1, manifested explicitly in the deformation vibration of the O-H
bond. There was a strong absorption peak at about
1,000-1,200 cm™’, suggesting the stretching of the coupled
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FIGURE 1 | Identification of physical and chemical properties of SPUP; (A) UV-vis spectra of SPUP; (B,C) GC diagram of standard monosaccharide and SPUP; (D)
infrared spectrum of SPUP; (E) HPGPC chromatogram of SPUP. Note: 1): rhamnose; 2): arabinose; 3): fucose; 4): xylose; 5): mannose; 6): glucose; 7): galactose; 8):
inositol; IS: internal standard. SPUP inhibited the proliferation of OC cells.
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FIGURE 2 | Effect of SPUP on the proliferation activity of two kinds of OC cells and human normal ovarian epithelial cells. Compared with the control group, *p <
0.05, *p < 0.01, **p < 0.001; comparison between groups with different concentrations of SPUP, *#p < 0.001. (A) HOSEPICs, (B) SKOV3, and (C) A2780.
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FIGURE 3 | Effect of SPUP on the migration ability of two kinds of OC cells and human normal ovarian epithelial cells. Compared with the control group, **p < 0.01.
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FIGURE 4 | SPUP on the invasion ability of two kinds of OC cells and human normal ovarian epithelial cells. Compared with the control group, *p < 0.05, **p < 0.01.
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C-0 bond and C-C bond, as well as the bending vibration of
O-H. The absorption peak signal at 926.7 cm™" might be due to
the presence of B-d-galactopyranose. In addition, according to
previous studies, it could be determined that the absorption
peak at 834.2 or 857.2 and 1,255.8 cm™" was sulfate (Mao et al.,
2008). In addition, the characteristic absorption, peaking at
834.2 or 857.2, suggested the existence of an a-type
glycosidic bond in SPUP.

As shown in Figure 1E, the retention time of SPUP in
HPGPC chromatography was 13.123 min. According to the
calibration curve-fitting equation established by the dextran
standard with different molecular weights, the calculation
method of retention time was substituted into the calibration
curve equation. The average molecular weight of SPUP was
97.9 kDa.

SPUP Inhibited the Proliferation of OC Cells

Through the proliferation assay analysis, with the increase in
SPUP concentration, the proliferative activity of two OC cells
decreased in a concentration-dependent manner (p < 0.05)
(Figure 2). The cell proliferation rate was decreased under
0.5 when the concentration of SPUP reached 150 pg/ml. In
contrast, in human normal ovarian epithelial cells, the
capacity of cell proliferation increased with SPUP treatment
within the range of 25-100 ug/ml (p < 0.05). However, the
increase in cell proliferation rate caused by SPUP reached its
maximum at 100 pg/ml and no additional effects were observed
with further increasing of SPUP. Taken from the results, SPUP
could inhibit the proliferation of OC cells in a dosage-dependent
manner. As determined, the concentrations of 150 and 200 pg/
ml of SPUP inhibited cell proliferation most violently; the

concentration of 100 pg/ml SPUP was used for further study
otherwise indicated.

SPUP Reduced OC Cell Migration

To study the effect of SPUP on the migration ability of
HOSEPICs, SKOV3, and A2780 cells, Transwell cell
migration experiments were used to determine the migration
ability of cells. As shown in Figure 3, SPUP treatment could
significantly inhibit the migration ability of OC cells (all p <
0.05) than the control group. In contrast, there are no significant
changes observed in the migration ability of normal cells
(p > 0.05).

SPUP Treatment Inhibited OC Cell Invasion
The invasion ability of OC cells was measured by the Transwell
chamber. Compared with the control group, SPUP treatment
could significantly inhibit the invasion ability of OC cells (all p <
0.05) (Figure 4). In comparison, the migration ability of normal
cells did not change significantly (p > 0.05).

SPUP Promoted OC Cell Apoptosis

As shown in Figure 5, SPUP treatment could significantly induce
the apoptosis of OC cells (all p < 0.05) but not in normal cells
(p > 0.05).

SPUP Inhibited the Activation of Hedgehog

Signaling Pathway in OC Cells

As shown in Figure 6A, OC cells had different degrees of Hh
signal pathway activation compared with HOSEPICs cells (all
p < 0.05). To clarify whether SPUP plays an anti-OC role by
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FIGURE 5 | Effects of SPUP on apoptosis of two kinds of OC cells and human normal ovarian epithelial cells. ***p < 0.001 compared with the control group. SPUP
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and A2780 cells. *p < 0.05, **p < 0.01, **p < 0.001 compared with HOSEPICs or control group. SPUP could inhibit the proliferation, invasion, and migration and
promoted apoptosis by regulating the activation of the Hh signaling pathway.

inhibiting the Hh pathway, we evaluated the expressions of Shh,
Ptchl, Smo, and Glil upon SPUP treatment. As shown in
Figures 6B,C, compared with the control group, the
expression of Shh, Ptchl, Smo, and Glil proteins in OC cells

in the SPUP treatment group decreased to varying degrees (all
p < 0.05). The results suggested that SPUP might take effects in
anticancer through inhibiting the activation of the Hh signal
pathway in OC cells.
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FIGURE 7 | SPUP plays a role in regulating cell function by inhibiting the activation of the Hh signaling pathway. (A) The CCK-8 method was used to determine the

proliferation ability of cells after the Hh pathway inhibitor was applied; (B,C) the Transwell method was used to determine the invasion and migration ability of cells after Hh
pathway inhibitor was applied; (D) the apoptosis of cells after the Hh pathway inhibitor was measured by flow cytometry. *p < 0.01, **p < 0.001 compared with the
control group, *p < 0.01, #p < 0.01 compared with the SPUP + GANT61 group.

SPUP Could Inhibit Proliferation, Invasion,
and Migration and Promote Apoptosis by
Regulating the Activation of the Hh
Signaling Pathway

As shown in Figure 7, SPUP or GANT61 alone or in
combination with SPUP and GANT61 could inhibit
the proliferation, migration, and invasion of OC cells
(all p < 0.05) and promote apoptosis (all p < 0.05)
SKOV3 cells. The inhibitory effects of the SPUP + GANT61
group were more obvious than those of the SPUP or GANT61
group (all p < 0.05), respectively. Thus, SPUP played an
anticancer role by regulating the activation of the Hh
signaling pathway.

DISCUSSION

As known, SPUP is an effective apoptosis inducer for a variety of
cancer cells (Yang et al, 2013). In addition to anticancer,
antiproliferative, and anticoagulant activities, some studies
have also found that SPUP can activate exogenous or
endogenous apoptosis pathways in various cancer cell lines
through regulating the expression of apoptosis-related or
signal proteins, cell-cycle regulatory proteins, and transcription
factors (Hyun et al., 2009; Yamasaki-Miyamoto et al., 2009). This
study found that SPUP could inhibit the proliferation, migration,
and invasion of OC cells and induce apoptosis. In addition, SPUP
significantly reduced the activation of the Hh signaling pathway
at the protein level.
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As previous study has shown that SPUP could inhibit the
proliferation and migration and induce the apoptosis of breast
cancer cells (Wu et al.,, 2019), we thought to investigate the role of
SPUP in OC cells. A systematic evaluation of cell proliferation,
migration, invasion, and apoptosis was conducted using a
combination of CCK-8 assay, Transwell assay, and flow
cytometry. We, for the first time, confirmed that SPUP could
inhibit the cell proliferation of OC cells (SKOV3 and A2780) in a
dose-dependent manner. The concentrations of SPUP (25, 50,
100, 150, and 200 pg/ml) we used in this study are consistent with
Wu et al. (Wu et al., 2019), who once found that SPUP treatment
could inhibit the proliferation and migration and induce the
apoptosis of breast cancer cells. Considering that there are few
studies that focus on the effects of SPUP in cancers, more
experimental studies are still needed.

Moreover, this study also provided novel insights in the effects
of SPUP on normal human ovarian epithelial cells. It was found
that SPUP could promote the proliferation of human ovarian
epithelial cells, suggesting that the side effects of SPUP treatment
could be reduced to the minimum by administering a proper
amount of SPUP. Migration and invasion are known to play an
essential role in the progression of tumors. Our study also found
for the first time that SPUP could significantly inhibit the
migration and invasion of OC cells and induce the apoptosis of
SPUP-treated OC cells.

The Hh pathway is very important for embryonic development
(Wang et al, 2017). Many previous studies have shown that
activation of the Hh pathway could promote the occurrence
and development of tumors, including OC (Chen et al, 2013;
Wu et al, 2019). The Hh pathway is known to have a high
expression level in OC (Schmid et al, 2011). Taken together,
inhibition of Hh signals could induce apoptosis and inhibit cell
viability and migration. Nevertheless, inhibition of the Hh pathway
may be an effective target for OC treatment. Corresponding to
previous studies, this study also investigated the relationship
between SPUP and the Hh signaling pathway. In our study, we
compared the expression of the Hh signaling pathway-related
proteins in human normal ovarian epithelial cells and OC cells
and found that the levels of Shh, Ptchl, Smo, and Glil protein in
OC cells were significantly increased, indicating that the Hh
signaling pathway was activated in OC. Moreover, we were the
first time to find that the activation of the Hh signaling pathway
was diminished upon SPUP treatment in SKOV3 and A2780 cells.
Therefore, we speculated that SPUP might play an anticancer role
in OC by inhibiting Hh signal activation. Till now, there are few
studies that reported the regulatory effects of polysaccharide on the
Hh signaling pathway in cancers. Yamasaki et al. once found that
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