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ABSTRACT: Osteosarcoma is prone to metastasis and has a low long-term survival rate. @ \ —f
The drug treatment of osteosarcoma, side effects of treatment drugs, and prognosis of

patients with lung metastasis continue to present significant challenges, and the efficacy of
drugs used in the treatment of osteosarcoma remains low. The development of new N
therapeutic drugs is urgently needed. In this study, we successfully isolated Pinctada et |6
martensii mucilage exosome-like nanovesicles (PMMENs). Our findings demonstrated T
that PMMENSs inhibited the viability and proliferation of 143B cells, induced apoptosis,
and inhibited cell proliferation by suppressing the activation of the ERK1/2 and Wnt
signaling pathways. Furthermore, PMMENSs inhibited cell migration and invasion by
downregulating N-cadherin, vimentin, and matrix metalloprotease-2 protein expression
levels. Transcriptomic and metabolomic analyses revealed that differential genes were co-
enriched with differential metabolites in cancer signaling pathways. These results suggest
that PMMENSs may exert anti-tumor activity by targeting the ERK1/2 and Wnt signaling
pathways. Moreover, tumor xenograft model experiments showed that PMMENSs can
inhibit the growth of osteosarcoma in mice. Thus, PMMENSs may be a potential anti-osteosarcoma drug.
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1. INTRODUCTION of novel low-toxic and biocompatible agents for treating
osteosarcoma is urgently required.

Extracellular vesicles (EVs), which are natural, cell-derived
vesicles composed of phospholipid bilayers, are divided into
three major subtypes: microvesicles, exosomes, and apoptotic
bodies.'” EVs encapsulate cell-derived contents and mediate
intercellular communication through local and distant trans-
port of functional substances, including RNA, DNA, proteins,
and Iipids.11 They can function as biomarkers, therapeutic
agents, and drug carriers.'”” EVs play a crucial role in
intercellular communication, signal transduction, and tumor
metastasis,'>'* and several studies have focused on using EVs
to treat diseases such as cancer,"”'® inflammatory diseases,'”
neurological disorders,'® myocardial infarction,” and stroke.*’
EVs have great potential as drugs for treating diseases.
Momordica charantia-derived EV-like nanovesicles isolated
from bitter melon juice exhibited anti-tumor activity against

Osteosarcoma is the most prevalent bone malignancy, mainly
affecting adolescents or children under the age of 20, and the
third most common cancer in this population.”” The incidence
of osteosarcoma peaks during adolescence and at approx-
imately 60 years of age. At diagnosis, osteosarcoma
metastasizes globally in approximately 20% of patients, with
the lung being the most common site of metastasis, accounting
for 90% of cases.”> Currently, the primary treatment for
osteosarcoma is a combination of preoperative adjuvant
chemotherapy, surgical resection, and postoperative adjuvant
chemotherapy, which has increased the 10-year patient survival
rate from 30 to 50%. However, the S-year and overall survival
rates of patients with osteosarcoma have not increased and
plateaued, and osteosarcoma relapses in 30—40% of patients
within 1-2 years after surgery. The prognosis for relapsed
patients is poor, with only 23—29% of patients surviving over
five years after the second diagnosis,” and the long-term -
survival rate after relapse is less than 20%.%” To improve the Received:  November 29, 2022 —
survival rates of patients with osteosarcoma, multi-drug Accepted:  May 15, 2023
adjuvant chemotherapy regimens with doxorubicin, cisplatin, Published: May 25, 2023
high-dose methotrexate, and ifosfamide as antagonists are

used." However, high chemotherapy doses may cause severe

and life-threatening toxicity.”®*’ Therefore, the development
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U251 glioma cells and protected cardiomyocytes from
radiation damage by attenuating DNA damage and mitochon-
drial dysfunction.””*” Yang et al. found that lemon-derived
EVs induced reactive oxygen species production in gastric
cancer cells, thus exerting anti-cancer effects.”> EVs have
diverse origins and have been isolated from mammalian cells
(such as mesenchymal stem cells and epithelial cells),
biological fluids (such as blood, urine, and saliva),** plants
and fruits (such as grapes, grapefruit, broccoli, and blue-
berries),'”**™*” and marine organisms.

Marine biological resources have recently been considered
an alternative source of biological materials for terrestrial
vertebrates. The metabolism of marine organisms produces
substances with anti-inflammatory, anti-cancer, antioxidant,
and pro-wound healing physiological activities. The pearl
oyster Pinctada martensii, an economically important marine
bivalve, is the primary marine shellfish cultured for pearl
production in southern China. With the success of fisheries
and artificial pearl production culture, the annual P. martensii
meat yield (all organs) from Hepu, Guangxi Province, is
2000—3000 tons.”” In addition to its use in pearl and raw food
production, bioactive substances with anti-tumor, anti-fatigue,
antioxidant,” wound healing,‘?’0 and antibacterial®’ properties,
such as taurine, zinc, active peptides, and C-type lectins, have
been extracted from P. martensii. However, there have been
relatively few studies on the active constituents of P. martensii
mucilage and its therapeutic efficacy. Notably, P. martensii
mucilage is often discarded as a waste liquid during P. martensii
meat processing, and investigating the possible active
substances in this mucilage would greatly contribute to
complete resource utilization. Successful isolation of EVs
from the mucus of cod’ and flatfish®® has been reported.
Therefore, we speculate that EVs derived from P. martensii
mucilage also possess biological activity.

In this study, we successfully isolated P. martensii mucilage
exosome-like nanovesicles (PMMENs) from P. martensii
mucilage through ultracentrifugation. PMMENSs were charac-
terized and analyzed using transmission electron microscopy
and atomic force microscopy. Additionally, we evaluated the
effects of PMMENSs on the proliferation, migration, invasion,
and apoptosis of 143B cells to determine their anti-tumor
potential. The findings of this study will serve as a reference for
further exploration of P. martensii mucilage.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. P. martensii mucilage was provided
by Guangdong Zunding Pearl Co. (Zhanjiang, China). Human
osteosarcoma cells (143B cells) were purchased from KeyGEN
Biotech (Jiangsu, China). Human Umbilical Vein Endothelial Cells
(HUVECs) and human hepatoma cell lines (HepG-2) were
purchased from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). The human gastric adenocarcinoma cell line AGS
was obtained from the Shanghai Institute of Biosciences Cell
Resource Center, Chinese Academy of Sciences (Shanghai, China).
The human osteoblast (hFOB 1.19) was purchased from Shanghai
Aoyin Biotechnology (Shanghai, China). Phosphate buffered saline
(PBS) was purchased from BI (Kibbutz Beit HaEmek, Israel). Fetal
bovine serum (FBS), Dulbecco’s modified Eagle medium (DMEM),
Ham’s F 12 nutrient medium (F12), Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12), penicillin, strepto-
mycin, and 0.25% trypsin—EDTA were purchased from Gibco (New
York, NY, USA). Propidium iodide (PI) was purchased from Yessen
Biotechnology Co. (Shanghai, China). ActinRed was provided by
Kegen Biotechnology Co. Ltd. (Jiangsu, China). Exosome green
fluorescent marker stain (PKH67) was purchased from Umibio

Biotechnology Co., Ltd. (Shanghai, China). The BCA protein assay
kit, lactate dehydrogenase (LDH) cytotoxicity assay kit, 4',6-
diamidino-2-phenylindole (DAPI), Hoechst 33342, and RIPA lysis
buffer were obtained from Beyotime Biotechnology (Shanghai,
China). The TRIzol reagent kit, HiScript III RT SuperMix for
qPCR (+gDNA wiper) for qPCR kit, and ChamQ_Universal SYBR
qPCR Master Mix kit were purchased from Vazyme (Nanjing, China).
Primary antibodies including f-catenin (E-S, sc-7963), cyclin D1 (A-
12, 5¢-8396), N-cadherin (13A9, sc-59,987), vimentin (V9: sc-6260),
caspase-9 (9508), cleaved caspase-9 (2075s), CD63 (MX-49.129.5,
sc-5275), CD9 (C-4: sc-13,118), and HSP70 (3A3, sc-32,239),
ERK1/2 (sc-514,302), f-actin (sc-130,300), and p-ERK1/2 (sc-
81,492) were obtained from Santa Cruz Biotechnology Inc. (USA).
Primary antibody MMP-2 (D8N9Y) and secondary antibodies: anti-
rabbit IgG (7074 S) and anti-mouse IgG (sc-2357) were purchased
from Cell Signaling Technology Inc. (USA).

2.2. Cell Culture. 143B and HepG-2 cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin—streptomycin
under standard cell culture conditions. The AGS and hFOB 1.19 cells
were cultured in F12 and DMEM/F12 medium containing 10% FBS
and 1% penicillin—streptomycin, respectively. All cells were cultured
under sterile conditions in a humidified incubator containing 5% CO,
at 37 °C.

2.3. Extraction of PMMENSs. Freshly collected P. martensii
mucilage was aliquoted into 500 mL bottles and stored at —80 °C
until use. Mucilage was then placed in a S0 mL centrifuge tube and
centrifuged at 500 X g and 4 °C for 10 min, 2000 X g for 10 min, and
10,000 X g for 30 min. The supernatant was then placed in a
horizontal rotor (P28S, Hitachi Koki, Japan) for the first ultra-
centrifugation (Himal CP 70NE) at 100,000 X g and 4 °C for 70 min.
The precipitate was resuspended in pre-chilled PBS, filtered through a
0.22 ym membrane, and then transferred to a new tube for a second
ultracentrifugation at 100,000 X g and 4 °C for 90 min. The
precipitate was resuspended in 200 uL of PBS, transferred to a
microcentrifuge tube, and stored at —80 °C. The extracted
nanovesicles were quantified using a BCA assay kit (Thermo
Scientific).

2.4. Dynamic Light Scattering and Nanoparticle Tracking
Analysis. The size distribution of nanovesicles was determined
through dynamic light scattering (DLS). PMMENs were collected
and diluted 100-fold with PBS to prevent inter-particle interactions.
The diluted PMMENS were then placed in the constant temperature
cell chamber of a laser particle sizer (Zetasizer Nano ZSE, Malvern,
UK) for measurement. The Brownian motion of the PMMENSs was
dynamically tracked in real-time using nanoparticle tracking analysis
(NTA), and their particle size distribution and concentration were
determined using ZetaVIEW (Particle Metrix).

2.5. Transmission Electron Microscopy and Atomic Force
Microscopy. Briefly, 10 uL of PMMENSs were fixed on a copper
mesh, stained with 3% phosphotungstic acid, air-dried at 26 °C for 20
min, and observed using transmission electron microscopy (TEM)
(JEM-1400). Atomic force microscopy (AFM) images were obtained
by adding several drops of well-dispersed PMMENSs dropwise on mica
sheets, air-drying them, and then capturing images with a Bruker
Dimension Icon AFM.

2.6. PMMEN Uptake by 143B Cells. PMMENs were labeled
with PKH67 following the manufacturer’s instructions. PMMENs
were added to the PKH67 dye working solution, mixed for 1 min
using a vortex shaker, and then allowed to stand for 10 min. Next,
PBS was added to the PMMENs—dye complexes, and PMMENSs were
re-extracted to remove the excess dye. The resulting precipitate was
resuspended in 200 uL of PBS, which represented the stained
PMMEN:S. To analyze the uptake of PMMENS by 143B cells, the cells
were plated in confocal dishes, incubated until 70—80% confluent,
and further incubated with 50 pg/mL of labeled PMMENS for 24 h.
The cytoskeleton and nuclei of the cells were analyzed using ActinRed
and DAP], respectively. Fluorescence images were obtained using a
laser confocal microscope (LSCM, Olympus Fv300, Japan).

2.7. Determination of Cell Viability. Cell viability was
determined using the Cell Counting Kit-8 (CCK-8) assay according
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to the manufacturer’s instructions. Briefly, 143B cells were inoculated
in 96-well plates at a density of 5000 cells/well and incubated
overnight. Then, the complete medium was removed, and the cells
were washed with PBS. Different concentrations of PMMENS (0, 0.5,
1, S, 50, 100, 150, 200, SO0 pg/mL) were co-incubated with the cells
for 24 h. After incubation, 10 yL of the CCK-8 reagent was added to
each well, and the plates were gently shaken and incubated at 37 °C in
the dark for 1 h. The absorbance at 450 nm was measured using a
microplate reader (Varioskan Flash, USA). HepG-2, HUVEC, AGS,
and hFOB 1.19 cells were treated with PMMENS (0, 5, 50, 100, 150,
200, S00 pg/mL), and the cell viability was determined by the same
method as that of 143B cells.

2.8. Clonogenic Assay. For the clonogenic assay, 143B cells
(1000 cells/well) were inoculated in each well of a 6-well plate and
cultured for a week with medium change every 2—3 days. On day 7,
the cells were fixed with formaldehyde for 30 min, stained with 1%
crystal violet for 10 min, and air-dried at 26 °C; the number of
colonies containing over 50 cells was counted.

2.9. LDH Release Rate Determination. Appropriate amounts of
cells were inoculated in 96-well cell culture plates to ensure that the
cell density did not exceed 80—90% during the assay. The culture
medium was then aspirated, and the wells were washed once with
PBS. The wells were then divided into the following groups: culture
medium with no cells (background blank control wells), control cells
without PMMEN treatment (sample control wells), cells without
PMMEN treatment for subsequent lysis (sample maximal enzyme
activity control wells), and PMMEN-treated cell samples. The plates
were placed in the incubator for 24 h and removed from the incubator
1 h before the scheduled assay time point. The LDH release reagent
was added to the “sample maximal enzyme activity control wells” at
10% of the original culture volume. The culture was triturated several
times and re-placed in the incubator. At the designated time point, the
supernatant of each well was centrifuged at 400 X g for 5 min. Then,
120 L of supernatant from each well was added to the corresponding
wells of a new 96-well plate, and the absorbance at 490 nm was
measured using a microplate reader.

2.10. Hoechst 33342 and Pl Staining. 143B cells were co-
incubated with PMMENSs at concentrations of 0, S, 50, or 100 ytg/mL
for 24 h. The cells were then washed twice with pre-chilled PBS,
stained with Hoechst 33342 for 30 min, gently washed with PBS, and
stained with PI for S min. Fluorescence images were acquired using a
laser confocal microscope (LSCM, Olympus Fv300, Japan).

2.11. Wound Healing Assay. Briefly, 143B cells (5 X 10° cells/
well) were inoculated into 24-well plates. When the cells reached
100% confluence, a wound (scratch) was artificially created using a
200 uL pipette tip, followed by washing three times with PBS to
remove nonadherent cells. Then, the cells were incubated with 0, S,
50, or 100 pg/mL PMMENs. Wound images were captured at 0 and
24 h under a light microscope and analyzed using ImageJ software.
The results were quantified using the following equation:

wound area (0 h) — wound area (24 h)

wound area (0 h)

wound healing rate =

2.12. Cell Invasion Assay. Cell invasiveness was assessed using
24-well Transwell plates with a pore size of 8 ym (Corning Inc,
USA). Briefly, 100 uL of the diluted Matrigel was added to the
chamber and incubated for 30 min at 37 °C in an incubator. Then,
100 uL of 143B cell suspension was inoculated into the upper
chamber and treated with 0, 5, 50, or 100 yg/mL PMMENSs. Next,
600 uL of DMEM containing 10% FBS was added to the lower
chamber and incubated at 37 °C and 5% CO, for 12 h. The chamber
was removed and rinsed three times with PBS. The cells on the upper
layer of the microporous membrane were gently wiped off using a
cotton swab and stained with an anti-quenching fluorescent dye
containing DAPIL Three random fields of view were selected for cell
observation using an inverted microscope, and the average value was
used as the number of cells that passed through the chamber.

2.13. Protein Immunoblotting. For protein immunoblotting,
143B cells were lysed with RIPA solution containing 1% PMSF

(Beyotime, China). Then, the extracted proteins were quantified
using a BCA kit (Thermo Fisher, USA). Equal amounts of protein
from different groups were separated using 12% sodium dodecyl
sulfate-polyacrylamide gels and transferred onto nitrocellulose
membranes. The membranes were then incubated with 7% skim
milk at room temperature for 2 h, followed by incubation with
primary and secondary antibodies at room temperature for 4 and 2 h,
respectively. Finally, the membranes were imaged with an automated
chemiluminescence system (Tanon-5200, China), and the results
were quantified using Image]J software.

2.14. Transcriptome Sequencing. After treating 143B cells with
0 or 100 pug/mL PMMENSs for 24 h, total RNA was extracted using
TransZol UP. Sequencing was performed using the Illumina platform,
and data were analyzed using the bioinformatics analysis process
provided by BMKCloud (www.biocloud.net), the cloud platform of
Bemac.

2.15. LC-QTOF Platform-Based Metabolomic Analysis. Six
PMMEN:-treated groups and a control group were set up for
metabolomics studies. Cells were treated with or without 100 pg/mL
PMMENSs for 24 h and collected in 1.5 mL EP tubes, which were
snap-frozen in liquid nitrogen to quench the intracellular metabolites.
Samples were transferred to EP tubes in three aliquots (300, 300, and
400 uL) with 1000 pL extract containing internal standard (1:1 v/v
methanol—acetonitrile, internal standard concentration: 20 mg/L)
and vortexed and mixed for 30 s. Steel beads were added to the
samples and placed in a 45 Hz grinder for 10 min, sonicated for 10
min in an ice bath, and then rested at —20 °C for 1 h. The samples
were centrifuged at 4 °C for 15 min at 12,000 rpm, and 500 L of the
supernatant was carefully removed from the EP tube. The extract was
dried in a vacuum concentrator. Then, 160 uL of extract (1:1 v/v
acetonitrile—water) was added to the dried metabolites, vortexed for
30 s, and sonicated for 10 min in an ice bath. The samples were then
centrifuged at 4 °C for 15 min at 12,000 rpm, and 120 uL of the
supernatant was carefully removed from the 2 mL injection vial. Next,
10 uL of the sample was mixed into QC samples for testing, and the
injection volume was 1 pL. Metabolomic analysis was performed
using an ultra-high-performance liquid chromatograph (Acquity I-
Class PLUS) in tandem with a high-resolution mass spectrometer
(Xevo G2-XS QTOF).

2.16. Quantitative Real-Time Polymerase Chain Reaction.
Total RNA was extracted from the samples using the Trizol reagent
following the manufacturer’s instructions. The extracted RNA was
quantified using NanoDrop2000 (ThermoFisher Scientific), and
cDNA was synthesized using a reverse transcription kit. Subsequently,
quantitative real-time polymerase chain reaction (qQRT-PCR) was
performed using ChamQ_Universal SYBR qPCR Master Mix on the
ABI StepOne Plus System (Life Technologies). f-actin was used as
the internal reference for other RNAs. The PCR for each sample was
repeated three times, and the 274 method was used to calculate
relative expression values. The primer used in this experiment was
provided by Sangon Biotech Co., Ltd. and is listed in Table S1.

2.17. Tumor Xenografts. Female BALA/c-nude mice (6—8
weeks old) (Weitong Lihua Laboratory Animal Technology Co., Ltd.)
were used to investigate the anti-tumor activity of PMMENSs against
osteosarcoma. Briefly, 143B cells were digested, and the final
concentration was adjusted to 1 X 107 cells/mL in PBS. A volume
of 100 uL cell suspension was injected into the right subcutaneous
flanks of mice. Once the subcutaneous tumor volume reached 50
mm?, the mice were randomly divided into three groups: blank
control (injected with 100 uL PBS), low dose group (1 mg/kg
PMMENs in 100 uL PBS), and high dose group (10 mg/kg
PMMENSs in 100 uL PBS), with four mice in each group. The
treatments were administered through the tail vein once every two
days for a week. The long diameter (a) and short diameter (b) of
tumors were measured using a vernier caliper every day during
treatment, and the tumor volume (TV) was calculated using the
following formula: TV = a X b? X 1/2. The mice were sacrificed after
24 h of the last administration. The tumors were removed and
weighed. This study was approved by the Animal Ethics Committee
of Guangdong Ocean University, Zhanjiang, China.
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Figure 1. Characterization of PMMENS. (A) TEM images of PMMENS. Scale bars: S00 and 100 nm. (B) AFM images of PMMENS, including 2D
and 3D morphology plots. (C) DLS analysis indicating the particle size distribution of PMMENSs. (D) NTA indicating the particle size and
concentration of PMMENS. (E) Western blot analysis of EV biomarkers, including CD63, HSP70, and CD9, in PMMENS.

2.18. Data Processing and Analysis. All data were analyzed
using GraphPad Prism$ software. Results are expressed as mean +
standard deviation (S.D.). All experiments were performed
independently three times. Statistical analysis between groups was
performed using a t-test or one-way analysis of variance (ANOVA). P
< 0.05 was considered statistically significant.

3. RESULTS AND ANALYSIS

3.1. PMMEN Isolation and Characterization. Exosome-
like nanovesicles were extracted from P. martensii mucilage
through differential centrifugation. TEM and AFM images
showed that PMMENSs had a cuplike morphology, and intact
vesicles were isolated (Figure 1A,B). DLS results showed that
the average hydrodynamic particle size of PMMENSs was 193.3
nm, and the polydispersity index (PDI) was 0.186 (Figure 1C).
In contrast, NTA results showed that the particle size and
concentration of the PMMENSs were 180.3 nm and 2.7 X 10"
particles/mL, respectively (Figure 1D). Protein immunoblot-
ting confirmed the presence of CD63, HSP70, and CD9, the
signature proteins of EVs, in PMMENSs (Figure 1E). The
above results demonstrate that the nanovesicles extracted from
P. martensii mucilage are exosome-like nanoparticles.

26230

3.2. PMMENSs Inhibit 143B Cell Growth. PMMENSs can
function in 143B cells after successful uptake by the cells. To
determine successful cellular uptake, PMMENSs were labeled
using PKH67 dye and co-incubated with the cells for 24 h. The
results showed that green fluorescent PMMENSs entered 143B
cells (Figure 2A). In contrast, the blank control group showed
no green fluorescence inside the cells, indicating successful
uptake of PMMENSs by the cells in the experimental group.
Confocal imaging analysis further demonstrated that
PMMENs were localized inside the cell membrane and
internalized by the cells rather than being bound to the cell
membrane surface.

Next, the effect of various PMMENSs concentrations on
143B cell viability was investigated using the CCK-8 assay
(Figure 2B). Low PMMENS concentrations (<10 yg/mL) had
almost no effect on 143B cell viability; 143B cell viability
significantly decreased (P < 0.001) after increasing PMMENS
concentration to >50 ug/mL. To compare the effects of
PMMENSs on tumor and nontumor cells, as well as different
tumor cell lines, four additional human cell lines were used:
HepG-2, HUVEC, AGS, and hFOB 1.19 cells. PMMEN:Ss in the

https://doi.org/10.1021/acsami.2c21485
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0.001.

range of 0—500 pg/mL did not affect the cell viability of
HepG-2, HUVEC, and AGS cells (Figure S1A—C). In hFOB
1.19 cells;, PMMENSs had no significant cytotoxic effect on
osteoblasts at 0—200 pg/mL levels. However, when the
concentration of PMMENs reached 500 pg/mL, the cell
viability of hFOB 1.19 cells was significantly inhibited (Figure
S1D). PMMENSs could significantly inhibit 143B cell viability
at concentrations of 100, 150, and 200 pg/mL, but there was
no significant difference in the inhibition effect at the
concentration of 100—200 ug/mL. When the incubation
concentration reached 500 pg/mL, the cell viability of 143B
cells was reduced to less than 50% (Figure S1E). These results
indicate that PMMENSs have significant anti-tumor activity
against 143B cells and are specific to 143B cells at
concentrations less than 200 ug/mL. In the process of anti-
tumor drug development, the ideal drug should only target
tumor cells and have minimal toxic effects on healthy tissues.
Therefore, we selected the concentration range of PMMENs
that did not affect the viability of hFOB 1.19 cells, namely, 0, S,
50, and 100 pg/mL, for further evaluation in other assays.
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To assess the ability of PMMENs to inhibit 143B cell
proliferation in vitro, clonogenic assays were performed with
PMMEN:-treated cells (Figure 2C,D). PMMENSs (5 ug/mL)
promoted 143B cell proliferation compared to the blank
control; however, the difference was not statistically significant
(P > 0.05); this may be because PMMENS inherently contain
nutrients required by the cells, such as proteins and lipids.'® In
contrast, 50 and 100 pg/mL PMMENSs significantly inhibited
143B cell clone formation in a dose-dependent manner. The
development of human tumors involves six biological
capabilities, including sustaining proliferative signaling, evading
growth suppressors, resisting cell death, enabling replicative
immortality, angiogenesis, and activating invasion and meta-
stasis, and the inhibition of "proliferative signaling”,34 can be
used as therapeutic targets to achieve the purpose of treatment.
Restriction of tumor cell proliferation is an expected feature of
compounds with anti-cancer potential.>*** To study the
potential mechanism of PMMENS inhibiting cell proliferation,
we analyzed the effect of PMMENS on cell proliferation-related
signaling pathways using western blotting. Studies have shown
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that the abnormality of the Wnt signaling pathway plays a key
role in the occurrence and development of osteosarcoma.’

The Wnt signaling pathway mainly consists of a series of
protein kinases and transcription factors, which can regulate
tumor growth, cell senescence, cell death, differentiation, and
migration.”® The expression of f-catenin is significantly
upregulated in osteosarcoma cell lines compared with that in
normal human osteoblasts, and downregulated p-catenin
expression can significantly reduce the proliferation and colony
formation of osteosarcoma cells. f-catenin has potential value
as a prognostic marker of osteosarcoma.’ Therefore, we
propose that the Wnt signaling pathway may be involved in the
inhibitory effect of PMMENs on the progression of
osteosarcoma. The results showed that PMMENSs inhibited
the expression levels of B-catenin and its target protein cyclin
D1 in a concentration-dependent manner, and the inhibition
effect reached the maximum at 100 yg/mL PMMEN treatment
(Figure 2E,F). Cyclin DI, a proto-oncogene associated with
the infinite proliferation of tumor cells, is one of the proteins
involved in cell mitosis.”” While the effects of individual cyclins
on normal tissue proliferation are largely dispensable, these
proteins are essential for the proliferation of specific cancer

5.7 Cyclin D1 is highly expressed in a variety of cancers,

39

type
including hepatocellular carcinoma,** melanoma,* myeloma,
and ovarian cancer.”* The anti-tumor activity of many naturally
extracted compounds is also related to the regulation of cyclin
D1, for example, quercetin”'5 and casearin D" extracted from
plants, whose biological activity is related to the inhibition of
cyclin D1 expression. The RAS—RAF—MEK—ERK (ERK1/2)
signaling pathway plays an important role in transmitting
extracellular signals to cells. In the ERK1/2 signal pathway,
ERK1/2, as an effector kinase of the upstream signal, plays a
key role in signal transduction. ERK1/2 is involved in the
regulation of various tumor-related biological processes,
including cell proliferation, differentiation, and migration, by
inhibiting or enhancing the activity of target proteins through
phosphorylation.”” The ERK1/2 signaling pathway has been
extensively researched and reviewed to identify new target-
based cancer therapies,”® and many inhibitors of Ras and ERK
have been developed to target different targets in the ERK1/2
signal. Some of these drugs have been approved for use. In the
present study, PMMEN treatment downregulated the ex-
pression of RAS, p-ERK, and cyclin D1 in 143B cells (Figure
2E,F). Our results suggest that PMMENs may effectively
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induce the downregulation of cyclin D1 through Wnt and
ERK1/2 signaling pathways, thereby inhibiting the prolifer-
ation of 143B cells.

3.3. PMMENs Inhibit 143B Cell Migration and
Invasion. Tumor metastasis is a complex process in the
development of cancer, involving tumor cell detachment,
extracellular matrix degradation, infiltration, and epithelial-
mesenchymal transition (EMT). EMT is closely associated
with the invasiveness and migratory capacity of tumor cells,
where mesenchymal markers include N-cadherin and vimentin.
Matrix metalloproteinases, such as MMP-2, are significantly
upregulated in osteosarcoma and metastasis and indicate poor
prognosis.*” Studies have shown that MMP-2 downregulation
inhibits osteosarcoma metastasis and infiltration.”® To
investigate whether PMMENSs can inhibit 143B cell invasion
and migration, the cells were treated with different
concentrations of PMMENSs for 24 h. The results of wound
healing experiments showed that 5, 50, and 100 pug/mL
PMMENSs significantly inhibited cell migration in a dose-
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dependent manner compared to blank controls (Figure 3A,B).
Invasion assay results showed that the number of invading
143B cells significantly decreased after treatment with 50 and
100 ug/mL PMMENs (P < 0.001; Figure 3C,D). Furthermore,
protein immunoblotting results showed that N-cadherin,
vimentin, and MMP-2 protein expression levels decreased in
a dose-dependent manner after PMMEN treatment (Figure
3E). Taken together, these results suggest that PMMENSs
inhibit 143B osteosarcoma cell invasion and migration by
suppressing EMT and downregulating MMP-2.

3.4. PMMENs Induce Apoptosis in 143B Cells.
Apoptosis plays a crucial role in maintaining a homeostatic
balance between cell survival and mortality in several biological
processes. Disrupting this balance may lead to abnormal cell
growth, proliferation, or autoimmune diseases.>’ LDH, a stable
cytoplasmic enzyme, is present in all cells and released in the
cell culture medium after rupturing cell membrane structures
due to apoptosis or necrosis, which is a key feature of cells
undergoing apoptosis, necrosis, and other forms of cell
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damage.”” We examined the rate of LDH release from 143B
cells after co-incubating them with PMMEN:Ss for 24 h using an
LDH kit. Compared to the blank control, 50 and 100 ug/mL
PMMEN:Ss significantly increased the rate of LDH release from
143B cells (Figure 4A). Therefore, PMMENs may induce
apoptosis in 143B cells. To further confirm these results, 143B
cells were stained with Hoechst 33342 and PI. The percentage
of live cells decreased, and the percentage of Pl-positive cells
gradually increased with increasing PMMEN concentrations,
indicating that PMMENs induced cell death in a dose-
dependent manner (Figure 4B,C). Additionally, protein
immunoblotting results showed that the ratio of cleaved
caspase-9 to caspase-9 expression levels gradually increased
compared with that in the blank control group, which was
positively correlated with the PMMEN concentration (Figure
4D,E). These data suggest that PMMENS induce apoptosis in
143B cells.

3.5. Transcriptomic Analysis of PMMEN-Treated 143B
Cells. Based on the above results, 100 pzg/mL PMMENS had a
more significant effect on 143B cells than 0, S, or 50 pg/mL
PMMENSs. Therefore, to evaluate the effect of PMMENSs on
gene expression in 143B cells, transcriptome sequencing and
bioinformatics analysis were performed on 143B cells treated
with 100 ug/mL PMMENs (PMMENSs group) and 0 pg/mL
PMMENS (control group). To detect differentially expressed
genes (DEGs), fold change >1.5 and FDR < 0.05 were used as
screening criteria. In total, 587 DEGs were identified between
cells in the control and PMMENSs groups, of which 392 genes
were upregulated, and 195 genes were downregulated (Figure
SA).

The functions of the DEGs were further elucidated using
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis. GO enrich-
ment analysis revealed that PMMENSs contained DEGs highly
enriched in biological processes regulating programmed cell
death and cell death (Figure SB). To further understand the
enriched pathways of these DEGs between the control and
PMMENSs groups, KEGG pathway analysis was performed,
which revealed that the DEGs were closely associated with
cancer signaling pathways (Figure SC).

3.6. Metabolomic Analysis of PMMEN-Treated 143B
Cells. To investigate the changes in the metabolic profile of
143B cells after PMMEN treatment, LC-QTOF was used to
detect positive and negative ion modes of the control and
PMMENSs groups, and the obtained raw data were analyzed
using Progenesis QI software. A supervised orthogonal
projection to latent structures discriminant analysis (OPLS-
DA) model was constructed to evaluate the differences
between the control and PMMEN groups (Figure 6). The
R2Y and Q2Y values were 0.992 and 0.955 for the positive
(Figure 6A) and 0.988 and 0.961 for the negative (Figure 6B)
ion OPLS-DA models, respectively, indicating the stability and
reliability of the model. The intracellular metabolites were
significantly different between the control and PMMENs
groups, indicating that PMMENSs significantly changed the
metabolic profile of 143B cells. Using P < 0.05 in one-way
statistics or VIP > 1 in multi-factor statistics, 661 and 568
differentially accumulated metabolites (DAMs) were identified
in the positive and negative ion models, respectively.

The DAMs were mainly enriched in arachidonic acid
metabolism, D-amino acid metabolism, and 12-, 14-, and 16-
membered macrolide biosynthetic pathways (Figure 6C). In
addition, they were involved in pantothenic acid and coenzyme
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Figure S. Changes in gene expression in PMMENSs-treated 143B cells.
(A) Volcano plot of DEGs. Red and green represent upregulated and
downregulated DEGs, respectively. (B) GO enrichment bubble plot
and (C) KEGG-enriched pathways of DEGs.

A synthesis, cyclic adenosine monophosphate (cAMP) signal-
ing pathway, arginine biosynthesis, cysteine and methionine
metabolism, lysine degradation, and other amino acid synthetic
and metabolic processes. Figure 6D shows the changes of
various metabolites in these signaling pathways. Amino acid
metabolism affects the survival of various cancer cell lines and
acts within the tumor and tumor microenvironment. For
example, L-leucine and L-glutamine inhibit HepG-2 cell
proliferation during their synthesis and metabolism, whereas
L-methionine only affects HepG-2 cell viability.”®> Leucine
deprivation also causes apoptosis in melanoma cells.”*
Inhibiting amino acid metabolism is an active area of cancer
metabolism research,” and tyrosine kinase inhibitors, such as
sorafenib and regorafenib, have been approved for treating
advanced hepatocellular carcinoma in different regions of the
world.*®

3.7. Integrated Transcript and Metabolite Plots. The
results of DAM and DEG analyses from transcriptomics were
combined, and the DEGs and DAM:s of the same groups were
mapped to KEGG pathways for analysis (Figure S2). After
treatment with PMMENSs, DEGs and DAMs were mapped to
101 KEGG signaling pathways. Among them, cancer signaling
pathways, such as the cAMP, Wnt, and MAPK signaling
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heatmap showing upregulated and downregulated metabolites.

pathways, to which the DEGs and DAMs were jointly mapped
for analysis, were selected. In the cancer signaling pathways, 28
DEGs and 2 DAMs were enriched, of which 12 DEGs were
downregulated and 16 were upregulated (Figure 7A), and the
DAMs of Prostaglandin E2 (PGE2) and cyclic adenosine
monophosphate (cAMP) were downregulated.

Figure 7B shows the correlation between metabolites and
genes in cancer signaling pathways. PGE2 was positively
correlated with the expression of ENSG00000100311
(PDGFB), ENSG00000113721 (PDGFRB), and
ENSG00000121966 (CXCR4) and negatively correlated with
the expression of ENSG00000023445 (BIRC3),
ENSGO00000056558 (TRAF1), ENSG00000073756
(RTGS2), ENSG00000100906 (NEKBIA),
ENSG00000102678 (FGF9), ENSG00000196611 (MMP1),
Homo sapiens newGene 1764, and Homo sapiens new-
Gene_2000.
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Furthermore, cAMP was the first secondary messenger to be
identified and plays a vital role in cell signaling and regulating
many physiological and pathological processes.”” cAMP
directly regulates various biological processes and cellular
behaviors, including metabolism, ion channel activation, gene
expression, cell growth, differentiation, and apoptosis.58 cAMP
production is regulated by G protein-dependent or -independ-
ent mechanisms. Upon extracellular ligand PGE2 binding to G
protein-coupled receptors (GPCRs), the Ga subunit separates
from the Gf and Gy subunits and activates adenylate cyclases
(ACs), converting ATP to cAMP.>’ cAMP signaling has both
tumor-suppressive and oncogenic effects, depending on the cell
type and the environment in which it is located. For example,
PKA activation by increasing cAMP levels or providing cAMP
analogs (dcAMP and 8-BrcAMP) decreases the proliferation
rate, promotes differentiation, and induces apoptosis of A-172
cells in brain tumors.’® In contrast, vasoactive intestinal
peptide reduces cAMP concentration, CREB expression, and
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A B Ser133 phosphorylation; inhibits Bcl-xl expression; and
induces apoptosis in Huh7 cells.”’ Decreased cAMP levels
rencone 174 may inhibit cell growth, and PDE4-activating compounds
: reduce intracellular cAMP levels, thereby inhibiting renal cyst
| —— formation.®” PKA is one of the primary targets of cAMP, and
.X » = PKA antagonists inhibit f-catenin and c-myc nuclear trans-
= - location and COX2 expression in colorectal cancers with APC
mutations, thereby inhibiting cancer development and
progression.”” Endothelin 1 (ET1) is involved in several
cancer-related processes, including cell proliferation, apoptosis,
matrix remodeling, and metastasis. ET1 significantly induces
Cc MMP?2 synthesis and activity dose-dependently to induce OS
[ RasGEF [ Wnt7A £ GPCR (31 PDGFB cell migration and survival.®*** Transcriptomic and metab-
0 EM olomic analyses showed that GPCR, ET1, PGE2, and cAMP
were downregulated after PMMEN treatment, which may be
1.0 related to the ability of PMMENs to inhibit 143B cell
proliferation.

Protein immunoblotting results suggest that the mechanism
of PMMEN-mediated cell proliferation inhibition may involve
the ERK1/2 and Wnt signaling pathways. The ERK1/2
signaling pathway plays an essential role in regulating cell
proliferation, differentiation, apoptosis, and migration and can
be activated by different extracellular stimuli, such as cytokines,
neurotransmitters, and hormones. Platelet-derived growth
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Figure 7. Joint transcriptome and metabolome enrichment analysis.

(A) Heat map of DEGs in cancer signaling pathways. (B) Correlation factor subunit B (PDGF-B) is a growth factor in the PDGF
network diagram of DAMs and DEGs in cancer signaling pathways. family that plays a crucial role in embryonic development and
(C) Expression levels of RasGEF, Wnt7A, GPCR, PDGFB, and ET1 adult wound healing by binding and activating the correspond-
were detected using RT-qPCR. ing platelet-derived growth factor receptors (PDGFRs).”®
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kinase activity. As targeted receptors for extracellular
stimulation, PDGFRs regulate many biological processes,
including proliferation, differentiation, angiogenesis, and
tumor metastasis.”*”®* PDGFR inhibition also enhances the
pro-apoptotic effects of the associated apoptosis-inducing
ligand TRAIL.”” Ras guanine nucleotide exchange factor 2
(RasGEF) is an important protein that acts as a molecular
switch for intracellular signaling to activate RAS."> Anaplastic
lymphoma kinase (EML4-ALK) is a receptor tyrosine kinase
that induces ERK1/2 phosphorylation.”” Our results show that
PMMEN treatment downregulated PDGF, PDGFR, RasGEEF,
and EMILA4AIK gene expression, which may inhibit RAS
expression and ERK phosphorylation. Consistent with the
results of protein immunoblottingg PMMENSs may promote
ERK1/2 signaling pathway inactivation, thereby inhibiting cell
proliferation. ERK1/2 signaling pathway inactivation also
inhibits tumor cell migration and invasion.”" Our findings
suggest that PMMENs may be involved in regulating cell
migration and invasive ability through the ERK1/2 signaling
pathway. Activated ERK regulates several cellular activities,
including cell proliferation and migration. Recently, com-
pounds targeting ERK signaling pathway components, such as
RAF or MEK inhibitors, have significantly improved clinical
outcomes in metastatic melanoma and have shown promising
clinical activity in other tumor types.””””* Developing RAS and
ERK inhibitors shows great potential in the fight against
cancer.

The Wnt signaling pathway plays a crucial role in cancer
progression by acting as an autocrine and paracrine signaling
molecule between Wnt-producing and -receiving cells.””> The
involvement of the Wnt pathway in the anti-tumor effects of
drugs has been investigated by inhibiting Wnt activation using
Wnt antagonists, such as RNF43 and ZNRF3.”° Tran-
scriptomic results showed that Wnt gene expression was
reduced in the PMMENs group. Additionally, protein
immunoblotting results demonstrated reduced f-catenin and
cyclin D1 protein expression levels downstream of the Wnt
signaling pathway, suggesting that PMMENs may prevent
143B cell proliferation by inhibiting the Wnt signaling
pathway.

According to the combined analysis of transcriptomes and
metabolomics, five genes, RasGEF, Wnt7A, GPCR, PDGFB,
and ET1, were selected for the RT-qPCR experiment. The
results are shown in Figure 7C. Compared with that in the
control group, 100 pg/mL PMMEN treatment significantly
downregulated the expression of RasGEF, Wnt7A, GPCR,
PDGFB, and ET1, which was consistent with the results in
Figure 7A. These findings indicate that the results of our omics
data analysis were credible.

3.8. PMMENs Suppress Osteosarcoma Growth. A
xenograft model of osteosarcoma was established using
BALA/c-nude mice. In vivo experiments demonstrated that
PMMENSs significantly reduced the growth of tumor volume
and tumor weight of osteosarcoma compared with that in the
control group, and the inhibitory effect was more pronounced
in the high-concentration group than in the low-concentration
group (Figure 8A—D).

4. CONCLUSIONS

In conclusion, we isolated intact PMMENs with a cuplike
morphology from P. martensii mucilage by ultracentrifugation.
The PMMENSs were found to be 180.3—193.3 nm in size and
were taken up by 143B cells. PMMENSs were shown to have

anti-tumor activity as they dose-dependently inhibited 143B
cell proliferation, migration, and invasion and induced
apoptosis through mechanisms related to cancer signaling
pathways. In summary, PMMENs with bioactive properties
were isolated from pearl oyster P. martensii mucilage, which
can inhibit the activation of the ERK1/2 and Wnt signaling
pathways and the growth of osteosarcoma in mice. PMMENs
have the potential to be ideal candidates in the development of
novel drugs for cancer treatment.
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