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Sanghuangporus is a traditional medicine that has been used for nearly 2000 years in Asia. It has been found to
enhance immunity and have anticancer properties. Some studies determined that Sanghuangporus polysaccha-
ride can inhibit tumors in vitro, although the underlying mechanisms remain unknown. Therefore, the present
study investigated the antitumor effects of polysaccharides from the fruiting body of S. vaninii and their associ-
ated mechanisms. Water-soluble S. vaninii polysaccharide (SVP) with a molecular weight of 3.156 x 10* Da
was isolated and found to be mainly composed of mannose, rhamnose, glucuronic acid, galacturonic acid, glucos-
amine, glucose, galactosamine, galactose, Xxylose, arabinose, and fucose in molar ratios of
1.63:0.04:0.36:0.03:0.13:8.39:0.08:1.08:0.25:1.07:0.40. SVP showed modest anti-proliferative activity against
HelLa, SHG-44, SMMC-7721, and MCF-7 cells. Furthermore, it effectively regulated cell cycle, promoted apoptosis,
and reduced the migratory and invasive capacities of MCF-7 cells. Mechanistically, SVP enhanced activation of
p53-related genes and down-regulated MMP expression. These findings describe a potential natural polysaccha-
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ride for tumor therapy and a basis for the development of fungal polysaccharides as a type of health food.

© 2020 Published by Elsevier B.V.

1. Introduction

Breast cancer is the second leading cause of death among all cancers,
and mostly occurs in women [1]. In recent years, it has been found that
polysaccharides have a wide range of biological activities, such as anti-
tumor [2], enhanced immunity [3], antimicrobial, and antioxidant [4]
activities. Most of these can inhibit tumor cell proliferation, promote
cell apoptosis, inhibit tumor cell migration, or activate macrophages to
improve the body's immune response to tumor cells in order to achieve
the antitumor effect of polysaccharide components.

Fungal polysaccharides have also shown some promise [5]. Lentinan
is the most widely studied fungal polysaccharide [6-9]. Currently, it has
been used clinically in many Asian countries, especially China, Japan,
and South Korea. Cordyceps sinensis polysaccharide can induce apopto-
sis and autophagy flux blockage in colon cancer cells [10]. Flammulina
velutipes polysaccharide can significantly enhance natural killer cell
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activity against K562 tumor cells in vitro [11]. However, fungi such as
Lentinula edodes, Cordyceps sinensis, and Flammulina velutipes, which
have excellent biological activity, all belong to the edible fungus and
functional food groups. Some wood fungi cannot serve as food yet
have good pharmacological effects. These include Phellinus linteus [12],
Phellinus igniarius [13], Inonotus obliquus [14], and Ganoderma lucidum
[15]. Therefore, fungus polysaccharides have potential value in clinical
applications and product development.

Sanghuangporus [16] is as a traditional medicine that can be traced
back 2000 years in China. “Sanghuang” has been used as a traditional
Chinese medicine for the treatment of diarrhea, night sweats, metror-
rhagia, drench, stomach pain, prolapse of spilled blood, leucorrhea,
and amenorrhoea. However, “Sanghuang” in traditional Chinese medi-
cine differs from “Sanghuangporus” in current taxonomy.
Sanghuangporus vaninii has the largest market share in traditional Chi-
nese medicine, while Sanghuangporus baumii has the second largest. Al-
though many people think that wild Sanghuangporus sanghuang has
excellent biological activity, the lack of accurate strain identification
and artificial cultivation of Sanghuangporus sanghuang also presents
technical difficulties.
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Both Japanese and Korean mycologists have adopted P. linteus as a
scientific name for “Sanghuang” more than half a century ago [17].
Sanghuangporus was established as a new genus in 2016, with 14 spe-
cies to date [18]. The main active components of Sanghuangporus in-
clude polysaccharides [19], phenols [20], flavonoids [21], coumarins
[22], terpenoid [23], furan [24], and others [25-29]. However, it is diffi-
cult to find the fruiting body of S. sanghuang in the wild for picking.

Most previous studies have focused on the cultivation of
Sanghuangporus, extraction, isolation, and component identification.
There are relatively few studies on the mechanism of action of its active
components [12]. In China, scientists have achieved artificial domestica-
tion and cultivation of wild S. vaninii through bagged and cut-log culti-
vation. However, little is known about the effect of S. vaninii. Therefore,
this study focused on the polysaccharide component of S. vaninii in
order to explore whether artificially cultivated S. vaninii has disease-
resisting properties and to provide a theoretical basis for its develop-
ment as medicine and functional food.

In this study, the fungal species were identified and polysaccharide
components were extracted. Further, the anti-tumor bioactivity and
mechanisms of SVP were explored to identify important molecular tar-
gets in cancer progression.

2. Materials and methods
2.1. Materials and reagents

Samples were randomly collected from the cultivation greenhouse
of Yanbian Xinglin Biotechnology Co., Ltd. All samples were cultivated
for three years from 2016 to 2019. All antibodies were purchased from
ABclonal (Wuhan, China). DEAE-cellulose DE-52 (S14024) and
Sephadex G200 (S14036) were purchased from Shanghai yuanye Bio-
Technology Co., Ltd. Other chemicals and reagents were of analytical
grade and supplied by Sigma-Aldrich.

2.2. Species identification

The samples were dried naturally for one month, and then crushed
into powder and passed through the sieve. Fungal DNA was extracted
from the samples using the Ezup Column Fungi Genomic DNA Purifica-
tion Kit (NO. B518259, Sangon Biotech). Then, PCR was performed to
amplify the genome. The ITS sequence primers were as follows: ITS1:
TCCGTAGGTGAACCTGCGG, ITS4: TCCTCCGCTTATTGATATGC. Product
length was 600 bp. Reaction conditions were as follows: 94 °C
(4 min), 94 °C (45 s) — 55 °C (45 s) — 72 °C (1 min) for 30 cycles,
72 °C (10 min), 1% agarose electrophoresis, 150 V, 100 mA, with
20 min for electrophoresis observation.

PCR products were directly sequenced by PCR primers. The purifica-
tion was performed according to the instructions provided in the San
Prep Column DNA Gel Extraction Kit (B518131, Sangon Biotech). The se-
quencing results were obtained from BLAST in the National Center of
Biotechnology Information (NCBI) to determine the strain.

2.3. SVP preparation

2.3.1. SVP extraction

The crushed sample powder was soaked in 95% ethanol for 24 h to
remove fat and repeated three times. Ethanol was then recovered and
the remaining extract was reserved for further use. The solid sample
(100 g) was extracted with distilled water (30 L). The sample was boiled
in water and concentrated using a rotary evaporator. Ethanol was added
to the sample so that the volume of ethanol accounted for 80% of the
total volume. The polysaccharide components were then extracted
and lyophilized samples were ready for further purification.

2.3.2. SVP purification

The extracted SVP precipitate was re-dissolved in deionized water.
The sample was purified using a DEAE-cellulose DE-52 column
(3 cm x 75 cm) eluted with distilled water and 0.1 M NaCl at 1 mL/
min with 10 mL/tube. The sodium chloride elution samples were then
dialyzed, desalted, and lyophilized. Finally, the mixture was purified
using a Sephadex G-200 column (3 cm x 60 cm) eluted with distilled
water at 1 mL/min. The sample was then lyophilized for further
research.

24. SVP characteristics

2.4.1. Molecular weight and component determination

The molecular weight of the polysaccharides was determined using
the Gel Permeation Chromatography (GPC) method, Wyatt Sec-Mals
with Dawn Heleos - I laser detector, Optilab rex refractive index detec-
tor, Shodex OHpak SB-806 HQ chromatographic column, 0.1 M sodium
sulfate, and 0.2% sodium azide in a mobile phase at 0.5 mL/min. The
sample concentration was 2 mg/mL in 500 L of solution. The running
time was 35 min with glucan 40,000 reference substance normalized
processing. The absolute molecular weight was calculated using the
principle of light scattering.

Ultraviolet spectrophotometer was used to detect nucleic acid and
protein contamination via absorbance scanning between 200 and
600 nm.

2.4.2. FT-IR determination

A Fourier transform infrared spectrometer (FT-IR) detected the ab-
sorption spectrum and determined the composition of the samples.
The wave number was scanned in the range of 4000-400 cm ™! to test
the transmittance of the sample.

2.4.3. Monosaccharide composition

Monosaccharide composition was tested using high-performance
liquid chromatography (HPLC, Thermo Scientific Dionex Ulti Mate
3000 Series). The standard monosaccharide composition included man-
nose, rhamnose, glucuronic acid, galacturonic acid, glucosamine, glu-
cose, galactosamine, galactose, xylose, arabinose, and fucose.
Trifluoroacetic acid was used to hydrolyze the SVP. Then, sodium hy-
droxide and PMP-methyl alcohol were added into the sample to deri-
vate at 30 °C for 1 h. Hydrochloric acid and chloroform were then
added and the solution maintained at 3000 r/min for 10 min. The super-
natant was extracted three times. The detection conditions were as fol-
lows: column temperature was 30 °C, flow velocity was 0.1 mL/min,
injection volume was 40 pL, mobile phase was potassium dihydrogen
phosphate solution, and detection wavelength was set at 250 nm.

2.5. Cell lines and cell culture

All of the cell lines were obtained from Shanghai Cell Bank, Chinese
Academy of Sciences. Cervical carcinoma HeLa, glioma SHG-44, and he-
patocellular carcinoma SMMC-7721 cells were cultured in DMEM with
10% newborn calf serum. Human breast cancer cells MCF-7 were cul-
tured in special medium (CM-0149, Procell Life Science & Technology
Co., Ltd.). All media contained 100 pg/mL of streptomycin and
100 units/mL of penicillin G.

2.6. Cell proliferation assay

Cell Counting Kit-8 (CCK-8, MCE, HY-K0301) utilizes highly water-
soluble tetrazolium salt. WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt]
produces a water-soluble formazan dye upon reduction in the presence
of an electron mediator. CCK-8 is therefore a sensitive colorimetric assay
used for the determination of the number of viable cells during cell pro-
liferation and as a cytotoxicity test.
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MCE-7 cells (6 x 10%/well) were cultured in each well of the 96-well
plate. Cells were cultured for 24 h and medium was replaced with med-
icated medium containing 0-800 pg/mL of SVP. Doxorubicin hydrochlo-
ride was selected as a positive control drug due to its extensive anti-
tumor effects. Doxorubicin hydrochloride inhibited topoisomerase II,
thereby inhibiting DNA replication. It promoted apoptosis and autoph-
agy and inhibited human DNA topoisomerase I. Its IC5o was 0.8 pM.
The dosage was set at 2 [M.

Each concentration was tested five times and at least three parallel
tests were conducted according to the following instructions: the CCK-
8 dosage was added to the medium at a ratio of 1:10 and the cells
were incubated at 37 °C for 30 min. The absorbance at 450 nm was
then measured using a microplate reader. The absorbance value with
and without SVP treatment was measured and inhibition rate was cal-
culated using the following formula:

Inhibition rate (%)
= ([Awithout drugs _Awith drugs] / [Awithout drugs _Ablank control} ) x 100%

2.7. Cell cycle and apoptosis analysis

MCE-7 cells (4 x 10°/well) were cultured in six-well plates for 24 h
and follow-up experiments were conducted in accordance with the in-
structions supplied with the Cell Cycle and Apoptosis Analysis Kit
(Beyotime, China). At least three parallel tests were conducted.

2.8. Colony formation assay

MCE-7 cells (3 x 10%/well) were cultured for 24 h in six-well plates
with MEM medium. Then, the medium was replaced with medicated
medium containing 0-800 pg/mL of SVP. The fresh medium was
changed every three days and cultured continuously for 21 days. The
number of cell clones was counted under the microscope after crystal
violet staining. Culture images were also obtained. The experiment
was repeated three times at each concentration.

2.9. Cell apoptosis analysis

MCE-7 cells (4 x 10°/well) were cultured in six-well plates for 24 h
and medium was replaced with medicated medium containing
0-800 pg/mL of SVP. Follow-up experiments were conducted in accor-
dance with the instructions supplied with the Annexin V - FITC and PI
cell Apoptosis Analysis Kits (KeyGENE BioTECH, China). Three parallel
tests were conducted.

2.10. Scratch wound healing assay

MCE-7 cells (6 x 10°/well) were cultured for 24 h. When cell cover-
age reached 85%, a pipette tip was used to scratch the cell surface. Me-
dium was then replaced with fresh medium containing SVP
(0-800 pg/mL). Images were taken under a microscope at 0, 24, and
48 h. Fixed positions were marked on the images in order to obtain pho-
tographs of the same areas for each time point. Cell migration coverage
rate within the scratch was calculated. Three parallel tests were
conducted.

2.11. Migration and invasion analysis

MCE-7 cells (1 x 10°/well) were added into the cell migration cham-
ber in 24-well plates. Medium containing SVP at different concentra-
tions (0-800 pg/mL) was used. After a 24-h culture, crystal violet-
stained cells crossed the membrane and their images were obtained
for quantification under a constant light microscope. Six pictures were

taken for each sample. The experiment was repeated at least three
times at each concentration.

2.12. Quantitative real-time polymerase chain reaction (qPCR)

Total RNA was extracted from each sample and used to prepare
cDNA samples to measure gene expression by qPCR with primers pre-
sented in Table 1. Reaction conditions were as follows: 95 °C (5 min),
95°C(305s) —» 55°C(45s) — 72 °C (30 s) for 40 cycles, 72 °C for 10 min.

2.13. Western blotting

Cells were collected and analyzed with radioimmunoprecipitation
assay (RIPA) buffer for Western blot analysis. Protein samples
(50-100 pg) were separated using 12% dodecyl sulfate, sodium salt
(SDS)-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a
polyvinylidene fluoride (PVDF) membrane for 3 h, and blocked with
5% bovine serum albumin (BSA) in Tris-buffered saline-Tween (TBST)
for 1 h. Primary antibodies anti-B-actin (AC038, ABclonal), anti-Bax
(A19684, ABclonal), anti-Bcl-2 (A19693, ABclonal), anti-p53 (A3185,
ABclonal), anti-MMP-2 (A19080, ABclonal), anti-MMP-9 (A11147,
ABclonal), anti-caspase-3 (A19654, ABclonal), anti-caspase-9 (A0281,
ABclonal), anti-caspase-8 (A11324, ABclonal), anti-PARP (A19596,
ABclonal), and anti-P21 (A1483, ABclonal) were incubated for 2 h at
room temperature (1:1000). The membranes were then washed three
times, probed with secondary antibodies, and an ECL kit was used for vi-
sualization with a Tanon-5200 imaging system (Tanon, China).

2.14. Statistical analysis

All data were expressed as mean + standard error of the mean
(SEM). Each experiment included at least three replicates and all data
were analyzed using Microsoft Excel and SPSS software. Result signifi-
cance was assessed using t-tests and one-way analysis of variance
(ANOVA).

3. Results
3.1. Fruiting body identified the S. vaninii strain

Samples of fruiting bodies (Fig. 1A) were collected randomly from
the cultivation greenhouse (Fig. 1B) at Yanbian Xinglin Biotechnology
Co., Ltd. Morphological and molecular biological methods were utilized
to identify the samples. PCR results (Fig. 1C) and fungal DNA sequencing
confirmed that the strain belonged to the family of Sanghuangporus

Table 1
List of qPCR primers used in the study.

Target Gene Primer name Primer sequence

Bax Bax F 5'-CAAACTGGTGCTCAAGGCCC-3’
Bax R 5'-GAGACAGGGACATCAGTCGC-3’

Bcl-2 Bcl-2 F 5-CGGTTCAGGTACTCAGTCATC-3"
Bcl-2R 5-CGGTGGGGTCATGTGTGTG-3"
P53 P53 F 5'-GTTCCGAGAGCTGAATGAGG-3’

P53 R 5'-TTATGGCGGGAGGTAGACTG-3’

Caspase-3 Caspase-3 F 5'-CAAACTTTTTCAGAGGGGATCG-3'
Caspase-3 R 5'-GCATACTGTTTCAGCATGGCA-3’
Caspase-9 Caspase-9 F 5’-CGAACTAACAGGCAAGCAGC-3’
Caspase-9 R 5'-ACCTCACCAAATCCTCCAGAAC-3’
MMP-2 MMP-2 F 5'-ACCAAGAACTTCCGCCTGTC-3’
MMP-2 R 5'-TTCGCCAGATGAATCGGTCC-3’
MMP-9 MMP-9 F 5'-CAGACCTTTGAGGGCGAACT-3’
MMP-9 R 5'-TACCCATCTCCGTGCTCTCT-3’
3-Actin {3-Actin F 5'-AGAGCTACGAGCTGCCTGAC-3’
-Actin R 5'-AGCACTGTGTTGGCGTACAG-3’
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Table 2
Detection and distribution data for SVP molecular weight.
Molecular weight range g/mol Content
4100.0- 15,000.0 g/mol 7.7%
15,000.0- 32,000.0 g/mol 79.2%
32,000.0- 80,000.0 g/mol 10.1%
80,000.0- 634,202.0 g/mol 2.9%
Mw 3.156 x 10* g/mol

after sequence alignment using the NCBI website. The ITS sequence was
uploaded to the GeneBank (MT299735).

3.2. Characteristic analysis of polysaccharide isolated from S. vaninii

3.2.1. Extraction yield and molecular weight of polysaccharide isolated from
S. vaninii

The polysaccharide was extracted from the fruiting body of S. vaninii
using the boiling water method, and its purity was evaluated by UV
spectrometry. The protein content was determined using the Bradford
method. The results showed that sample polysaccharide extraction
yield was 2.92%. The polysaccharide sample contained less than 0.43%
of protein. The purified polysaccharide extract was not contaminated
with DNA and RNA (Fig. 1D). In addition, DEAE-cellulose DE-52 and
Sephadex G200 purification results indicated that the samples
contained neutral (SVP-W) and acid polysaccharides (SVP-1) (Fig. 1E).
The molecular weight of SVP was 3.156 x 10 Da using the GPC method
(Table 2). The molecular weight distribution of SVP is shown in Fig. 1F-
G.

3.2.2. FT-IR spectra for polysaccharide isolated from S. vaninii

After the extraction of the polysaccharide component, FT-IR spec-
troscopy was used to detect structural characteristics of the extracted
samples. The results showed absorbance in different zones with a typi-
cal characteristic sugar absorption peak (Fig. 1H). The intense absorp-
tion band near 3600-3200 cm ™ indicated intermolecular and internal
hydrogen bonds. The characteristic spectrum of the main substituents
on the sugar chain consists of intermolecular and internal hydrogen
bonds, which make the sugar hydroxyl group have a wide peak at
3600-3200 cm~'. Peaks at 3404 cm ™' and 2926 cm ™! represent hy-
droxyl (-OH) and C—H, respectively [30-31]. A vibration peak near
1640-1600 cm ™! represents the contraction vibration of C=0 in the
carboxyl group and polysaccharide water and vibration peak. Bands ob-
served at 1730 cm ™! and 1640 cm ™! indicate that the glucuronic acid
component in the extract may be acidic-linked glucan. There was a
band near 1400-1430 cm™ !, which was the C—H angular vibration ab-
sorption of the methyl group connected to the carboxyl group.
Carboxymethylated polysaccharides were the bands near 1383 cm ™'
and 1331 cm™ . Moreover, 1159 cm™! is the ether bond absorption
peak of the pyranose ring and the C—O vibration peak of C-O-C [32].
Bands observed at 1100-1010 cm ™! represent typical pyranoside
stretching vibration [33]. The bands near 1076 cm ™! and 1039 cm ™!
are the angular vibration absorption peaks of pyranose cyclic hydroxyl,
indicating that monosaccharides exist in the form of pyranose. All data
above are characteristic absorption peaks of sugar.

3.2.3. Monosaccharide composition of polysaccharide isolated from
S. vaninii

In order to clarify the composition of the extracted SVP, monosac-
charide composition was further tested in each sample. It was mainly

composed of mannose, rhamnose, glucuronic acid, galacturonic acid,
glucosamine, glucose, galactosamine, galactose, xylose, arabinose, and
fucose in molar ratios of
1.63:0.04:0.36:0.03:0.13:8.39:0.08:1.08:0.25:1.07:0.40 (Table 3, Fig. 11).

3.3. S. vaninii polysaccharide anti-proliferation activity in vitro

To study the antitumor effects of SVP, four cell lines were selected:
cervical carcinoma HeLa, glioma SHG-44, hepatocellular carcinoma
SMMC-7721, and breast cancer MCF-7 cells. The CCK-8 method was
used to detect the inhibitory effect of SVP at different concentrations
on the proliferation of these four tumor cell lines. A basic experiment
was performed to determine the experimental concentration. Accord-
ing to the results, SVP was considered at different concentrations of
100, 200, 400, 600, and 800 pg/mL. The cytotoxicity effect was expressed
using percentage of cell inhibition after 24- and 48-h exposure to differ-
ent concentrations of SVP.

Results of the SVP CCK-8 assay showed different effects on four cell
lines (Fig. 2A-D). SVP showed the strongest inhibitory effect at
600 pg/mL (69.26 + 1.36%) in MCF-7 breast cancer cells after 48 h.
This effect occurred at 800 pg/mL (27.75 + 0.76%) in cervical carcinoma
Hela cells, 100 pg/mL (50.41 £ 0.41%) in glioma SHG-44 cells, and
600 pg/mL (38.46 + 2.15%) in hepatocellular carcinoma SMMC-7721
cells. The ICsq values were then calculated (Table 4). The inhibitory
rate of SVP in MCF-7 cells was the highest and the ICsy value
(367.64 + 8.58 ng/mL) was the lowest for 48 h compared to other
cells. Comparing the inhibitory ability of SVP in four tumor cell types
showed that it was higher in MCF-7 cells than in other cell types
(Fig. 2E). The maximum inhibitory ability was reached at a concentra-
tion of 400 pg/mL. Therefore, MCF-7 cells were selected for further
study and the SVP concentration was set at 400 ng/mL.

Light microscopy results demonstrate that with the increase of SVP
concentration and dose time, the number of cells decreased, cell mor-
phology changed, cells shrank into clusters, cell fragmentation occurred,
and cell fragments floated in the medium (Fig. 3A). SVP inhibition of cell
proliferation was observed using crystal violet staining. With the in-
crease of SVP concentration, cell proliferation was significantly inhibited
and cell density was significantly decreased compared to the control
group.

To further determine the influence of SVP on MCF-7 cell growth, col-
ony formation assay was carried out. The colony formation ability of
tumor cells is also a prerequisite for the evaluation of tumor cell migra-
tion, which can be used to evaluate whether drugs can inhibit tumor
cells from forming new lesions in a human body. SVP inhibited colony
formation in a concentration-dependent manner compared to the con-
trol group (p < 0.01 and p < 0.001; Fig. 3B-C).

3.4.S. vaninii polysaccharide mediated G2/M phase cell cycle arrest in MCF-
7 cells

Cell cycle regulation is one of the factors affecting cell proliferation.
Therefore, cell cycle after SVP treatment was evaluated and cell cycle
changes were analyzed using flow cytometry. Results are shown in
Fig. 3D. Compared to the untreated group, cells in the GO/G1 phase de-
creased from 47.11% to 36.32% and accumulated in the G2/M phase
from 16.24% to 24.96% at SVP concentration of 400 pg/mL. A decrease
in the S phase was also present, with cell percentages changing from
29.45 + 4.38% to 10.63 + 3.97% (Fig. 3E). These results suggest that
SVP mainly arrested MCF-7 cells in the G2/M phase. After 24 h of SVP
treatment, the results indicated that SVP mediated the G2/M phase

Fig. 1. S. vaninii sample identification information and SVP component characteristics identification. (A) Sample photo; (B) Sample culture environment; (C) Agarose gel electrophoresis
for identification of fungal species; (D) SVP ultraviolet absorption spectrum; (E) Neutral (SVP-W) and acid polysaccharides (SVP-1) in SVP were separated by DEAE cellulose DE-52 ion
exchange column and the content of polysaccharide was determined by phenol-sulfuric acid method; (F-G) SVP molecular weight distribution; (H) SVP FT-IR spectra;

(I) Monosaccharide composition of SVP.
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Table 3

Monosaccharide component in SVP molar ratio.
Monosaccharide  mannose  rhamnose  glucuronicacid  galacturonicacid  glucosamine  glucose  galactosamine  galactose  xylose  arabinose  fucose
Molar ratio 1.63 0.04 0.36 0.03 0.13 8.39 0.08 1.08 0.25 1.07 0.40

cell cycle arrest in MCF-7 cells (p < 0.05 and p < 0.01). Additionally, the
proportion of apoptotic cells increased from 4.12% to 25.56%, indicating
that SVP promotes MCF-7 cell apoptosis (late apoptosis and dead cells).
Then, flow cytometry was used to assess the proportion of apoptotic
cells at different stages.
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Fig. 2. Effect of SVP on four different tumor cell lines. (A-D) Antitumor effects on HeLa, SHG-44, SMMC-7721, and MCF-7 cell lines; (E) Comparison of SVP tumor inhibition ability in four

cell lines at 48 h.
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Table 4
1Cso concentration of SVP in tumor cell lines.
Hela SHG-44 SMMC-7721 MCF-7
ICso (pg/mL) 24 h 2110.62 £+ 128.02 4182.97 + 1619.85 1122.23 + 56.46 983.32 + 107.47
48 h 1130.46 + 16.69 1017.57 £ 110.38 896.96 + 39.04 367.64 £ 8.58

Data are presented as mean 4 SEM (n > 3).

is important to study it in the future. Combined with flow cytometry
and detection results (Fig. 3F-G), cells were mostly alive in the control
group with very few dead cells present (1.2%). After treatment with
SVP, the rate of cells entering the apoptotic phase was significantly
higher going from 6.1% up to 51.8% (p < 0.01 and p <0.001). The propor-
tion of living cells decreased from 92.7% to 47.5%. These results sug-
gested obvious pro-apoptotic effects of SVP in MCF-7 cells at 24 h. At
SVP concentration of 400 pig/mL and treatment for 24 h (three parallel
tests), the percentage of Q2, Q4, and their sum increased from 6.77 +
0.34% to 37.24 4+ 2.72% (p < 0.01). This suggested that SVP mediated
the apoptosis of MCF-7 cells after 24 h of treatment.

3.6. S. vaninii polysaccharide limits MCF-7 cell migration and invasion

Metastasis and invasion are the difficulties of tumor treatment.
Therefore, a series of studies on the effect of SVP in MCF-7 cells was car-
ried out. Scratch wound healing assay was utilized to evaluate the abil-
ity of SVP to inhibit tumor cell migration. Results showed that MCF-7
cells covered the scratch area after 24 and 48 h, while SVP treatment
group scratch area was unhealed (Fig. 4A-B). Transwell chamber exper-
iment schematic is shown in Fig. 4C. Tumor cells were directly inocu-
lated in the chamber. They then gradually migrated to the medium
with serum, while the lower chamber with SVP significantly inhibited
the migration ability of cells. Fewer cells migrated across the membrane
(Fig. 4D-E). Matrigel was also placed in the small chamber and the cells
were cultured under the same conditions to explore the anti-invasion
effect of SVP. The results showed that SVP can significantly inhibit breast
cancer MCF-7 cells through the membrane and the Matrigel in the lower
chamber compared to the cells in the control group (Fig. 4F-G).

3.7. S. vaninii polysaccharide affects gene expression in apoptotic signaling
pathway

The above results showed that SVP can induce apoptosis in MCF-7
cells and that cell cycle arrest and inhibition of migration and invasion
are results of precise regulation by a series of genes. Thus, mRNA expres-
sion was further examined in MCF-7 cells (Fig. 5A). The results of qPCR
showed that p53 mRNA was significantly increased in SVP-treated MCF-
7 cells. Transcripts of p53 target genes, such as Bax and p21, were aug-
mented by the qPCR analysis in MCF-7 cells. Bax and p53 mRNA in-
creased, while Bcl-2 decreased following SVP treatment (p < 0.05 and
p <0.001). This further indicated that SVP induces apoptosis in MCF-7
cells, probably via the Bcl-2/Bax pathway. Subsequently, caspase-3
and caspase-9 were assessed according to the p53-mediated signaling
pathway and the results all showed that SVP plays a role in promoting
tumor cell apoptosis. Then, we speculate the signaling pathway for
SVP in MCF-7 cells. (See Fig. 6)

In order to further clarify the mechanism of the antitumor effect, the
expression levels of tumor-related proteins were detected by Western
blotting. Apoptosis-related protein caspase-3, cleaved caspase-3,
caspase-9, cleaved caspase-9, caspase-8, Bax, and p53 expression was
significantly increased and that of Bcl-2 and PARP was reduced
(Fig. 5B-E).

In addition, p21 may play a pro-apoptotic role in either p53-
dependent or -independent manner. It has been suggested that p21 is
a negative regulator of p53-dependent apoptosis [34]. Thus, an impor-
tant member of the cyclin-dependent kinase inhibitor family p21 was
examined. After SVP treatment, p21 expression increased. Both p21

and p53 can jointly form the G1 checkpoint in the cell cycle, which can-
not be passed without repair after DNA damage, reducing the replica-
tion and accumulation of damaged DNA and thus playing an anti-
cancerous role (Fig. 6).

3.8. S. vaninii polysaccharide decreased MMP-2 and MMP-9 expression in
MCF-7 cells

Cancer cell migration and invasion factor research has attracted
much attention in recent years. MMP-2 and MMP-9 belong to the
MMP family and are related to the degradation of extracellular mem-
brane components. According to the previous results, SVP also signifi-
cantly inhibited the migration of tumor cells. Therefore, MMP-2 and
MMP-9 mRNA was detected in the MCF-7 cells. The results showed
that MMP-2 and MMP-9 mRNA was decreased significantly after the
SVP treatment (Fig. 5A). This also suggests that SVP may inhibit secre-
tion of the MMP family members in MCF-7 cells, thus limiting tumor
cell migration and invasion to other organs in the body (p < 0.001).

MMP-2 and MMP-9 protein expression in the MMP family was de-
tected by Western blotting. Both of them are major components of hy-
drolyzed degenerated collagen and type IV collagen of the basal
membrane and participate in changing intercellular adhesion,
destroying the histological barrier of tumor cell invasion, and inhibiting
tumor invasion and metastasis. MMP-2 and MMP-9 protein expression
was decreased significantly compared to the control group (Fig. 5B-C).
This indicates that SVP influences the transmembrane metastatic ability
of MCF-7 cells to inhibit tumor invasion (Fig. 6).

4. Discussion

SVP with a molecular weight of 3.156 x 10% Da and composed of
neutral and acidic polysaccharides was extracted and purified from
the fruiting body of traditional Chinese medicine S. vaninii.
Sanghuangporus has been used as a traditional medicine for cancer ther-
apy in some Asian countries. Artificial cultivation of S. vaninii has been
realized after many years of cultivation efforts. However, the antitumor
S. vaninii mechanism is still not completely understood.

The purpose of this research was to explain the effects and underly-
ing mechanism of S. vaninii polysaccharides in tumor cells in vitro. As a
result, SVP showed various degrees of antitumor activity in four cell
lines, including HeLa, SHG-44, SMMC-7721, and MCF-7 cells. This activ-
ity was especially prominent in MCF-7 cells, which is indicative of SVP
as a potential antitumor ingredient. The effect of SVP on MCF-7 cells is
time-dependent and dose-dependent. SVP had a significant effect on
apoptosis, metastasis, and invasion of tumor cells. Genes, such as p53,
Bax, Bcl-2, MMP-2, MMP-9, and caspase-3, —8, and — 9 were signifi-
cantly up-regulated or down-regulated after SVP treatment.

In many cancers, high rates of metastasis and recurrence are difficult
to treat. Radiotherapy and chemotherapy are commonly used to treat
tumors [35]. However, these methods are expensive and the damage
to the body is very serious and sometimes irreversible. Therefore,
drugs that are more effective need to be investigated. Natural products
have been used for the treatment of many bodily ailments for centuries.
However, the associated mechanisms remain poorly understood [36].
Macrofungi have become a hot topic in recent years. Fungal polysaccha-
rides have been found to have potential medicinal ingredients, such as
G. lucidum [37], P. linteus [38-39], and L. edodes [40] polysaccharides.
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In the study of antitumor drug effects, cell cycle regulation is an im- antitumor activity. Inhibiting tumor cell proliferation and inducing apo-
portant factor in the development of tumors. Grifola frondosa is a widely ptosis might be a common fungal polysaccharide mechanism responsi-
consumed and medicinal fungus. Polysaccharide extracted from ble for its anti-tumor effect [42]. The p53 tumor suppressor is a
G. frondosa inhibited HepG2 cell proliferation and S phase arrest [41]. transcription factor that regulates cell growth and death in response
The above results indicate that medicinal fungi have excellent to environmental stimuli, such as DNA damage [43]. Many studies

Fig. 3. Antitumor effects at different concentrations of SVP in MCF-7 cells. (A) Cell Morphologic of 24-48 h and cell density changes in MCF-7 cells treated with different concentrations of
SVP; (B—C) Detection of colony formation unit ability in MCF-7 cells after treatment with different concentrations of SVP for 21 days; (D-E) Cell cycle changes after SVP treatment detected
by flow cytometry; (F-G) Flow cytometry was used to detect MCF-7 cell apoptosis after SVP treatment; Mean + SEM, n > 3; *p < 0.05; **p < 0.01; ***p < 0.001 compared to the control
group.
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Fig. 5. Proposed mechanism for the effects of SVP on MCF-7 cells. (A) Bax, Bcl-2, p53, caspase-3, caspase-9, MMP-2, and MMP-9 mRNA expression analysis; (B—C) Detection of SVP in
tumor-related protein expression in MCF-7 cells by Western blotting; (D) Change in the ratio of expressions of cleaved caspase-3 and caspase-3 after treatment with SVP; (E) Change
in the ratio of expressions of cleaved caspase-9 and caspase-9 after treatment with SVP. Mean 4+ SEM, n 2 3; *p < 0.05; **p < 0.01; ***p < 0.001 compared to the control group.

have reported that p53 plays a vital role in inducing cell cycle arrest, as a control group [44]. Ginger polysaccharides induce apoptosis and up-
well as blocking the G2/M phase and reducing the expression of cyclin regulate the expression of p53 in human hepatocellular carcinoma
D4, while increasing the expression of CDK inhibitor p21 compared to HepG2 cells [45]. Hericium erinaceus polysaccharide protein HEG-5 up-
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regulated the expression of p53 in human SGC-7901 cells to realize
the regulation of apoptosis [46]. Tumor suppressor p53 is associated
with the expression of many regulation-related genes, with muta-
tions occurring in more than 50% of malignancies. Many p53 target
genes are involved in apoptosis [47]. In recent years, the p53 signal-
ing pathway has been gradually identified. In the present study,
many tumor-related gene mRNAs and proteins were detected. Levels
of p53, Bax, caspase-3, -8, and -9, and p21 were increased by SVP,
demonstrating that SVP activates apoptosis and cell cycle arrest in
MCE-7 cells. Also, Bcl-2 and PARP expression levels were decreased
significantly. Therefore, it is possible that SVP can interact with
tumor cells to target p53 to suppress MCF-7 cell proliferation and in-
duce cell apoptosis. Thus, it was probably associated with the p53-
related signaling pathway.

Matrix metalloproteinases (MMPs) have become the focus of re-
search due to their ability to inhibit tumor cell invasion and metastasis
[48]. Moreover, SVP was also found to play a very significant inhibitory
role in the migration and invasion of tumor cells via MMP-2 and MMP-
9. The results indicated that SVP can effectively inhibit MCF-7 cell mi-
gration and invasion in vitro. This action probably occurs via degrada-
tion of the extracellular matrix to inhibit MCF-7 cell migration and
invasion. The MMPs constitute a multigene family of over 25 secreted
and cell surface enzymes that process or degrade numerous extracellu-
lar matrices. Their targets include other proteinases, proteinase inhibi-
tors, clotting factors, chemotactic molecules, latent growth factors,
growth factor-binding proteins, cell surface receptors, cell-cell adhesion
molecules, and virtually all structural extracellular matrix proteins [49].
Many of their domains play an essential role in the localization of sev-
eral important proteolytic events to specific regions of the cell surface.
Many fungal polysaccharides, like Trametes versicolor and G. frondosa
polysaccharides, also regulate the migration and invasion of tumor
cells by inhibiting the expression of MMPs. A decrease in MMP-2 en-
zyme activity, a crucial MMP important for the degradation of the extra-
cellular matrix in polysaccharides, has also been detected in human
colon cancer, LoVo, and HT-29 cells [50]. Chinese medicine CGA formula
consists of a polysaccharide from Cordyceps sinensis myecelia,
gypenosides, and amygdalin, which are derived from the Fuzheng
Huayu capsule for treating liver fibrosis. After treatment, MMP-2 and

MMP-9 protein levels were decreased [51]. Therefore, SVP is probably
involved in tumor cell migration and invasion by inhibiting MMPs.

Nevertheless, the complexity of polysaccharide components can
lead to differences in structure and composition due to differences in
extraction methods, storage conditions, and separation and purification
methods. These reasons lead to the diversity of polysaccharide compo-
nents from the same plant or fungus. In addition, detailed analysis of
polysaccharide composition and structure is limited, which indirectly
leads to the lack of in-depth understanding of the biological activities
of polysaccharides. Therefore, standard polysaccharide extraction
methods and in-depth analyses of the structure and mechanism need
to be investigated in the future.

Polysaccharides are the major active component in mushrooms and
fungi, which can enhance innate and cell-mediated immune responses
and exhibited good antitumor activity in animals and humans [52]. Ac-
cording to the literature, many kinds of polysaccharides have been
tested in animals, such as Glycyrrhiza uralensis polysaccharide [53],
Panax ginseng polysaccharide [54], Helicteres angustifolia polysaccharide
[55], Coriolus versicolor polysaccharide [56,57], Lentinan from Lentinula
edodes [58], and Ganoderma lucidum polysaccharide [59]. Therefore,
we believe that Sanghuangporus vaninii polysaccharide also has experi-
mental prospects in mammary tumor animal models in vivo.

According to these research results, it is believed that SVP is one of
the active components of the anti-tumor S. vaninii effect, although a
more detailed study of the gene regulation mechanism is needed.

5. Conclusion

In this study, SVP was extracted and its characteristics were de-
scribed. SVP antitumor activities were evaluated in four human cancer
cell lines. The extracted SVP demonstrated excellent tumor inhibition
in MCF-7 cell lines. It significantly inhibited the proliferation of MCF-7
cells and G2 phase cell arrest, promoted tumor cell apoptosis, and
significantly inhibited tumor cell migration and invasion in vitro. SVP
plays an antitumor role via the p53 signaling pathway and inhibits the
production of MMPs. We expect that our results will serve as evidence
to support the use of SVP as an antitumor adjuvant in breast
cancer patients.
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