
Received: 19 October 2018 | Accepted: 19 February 2019

DOI: 10.1002/pros.23788
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Abstract

Background: Sea cucumber is a kind of nutritious echinoderm that has multiple

biological activities, including antioxidant, antibacterial, and antitumor activities.

However, there is no extensive study on the antitumor effect of sea cucumber extract

on prostate cancer (PCa). TBL‐12 is a new sea cucumber extract. In this study, we

investigated the in vivo anti‐PCa effect of TBL‐12 and its in vitro effects on the

proliferation, apoptosis, migration, and invasion of the human PCa cell lines LNCaP,

22RV1, PC‐3, and DU145, and evaluated its possible mechanisms.

Methods: Cell proliferation was analyzed by cell counting kit‐8 and colony formation

assays. Scratch migration assay and transwell invasiveness assay were used to

observe TBL‐12 effect on the migration and invasion of PCa cells. Matrix

metalloproteinase 2 (MMP‐2) and MMP‐9 expression and enzymatic activity was

determined by Western blot analysis, quantitative reverse‐transcription polymerase

chain reaction, and gelatin zymography. Apoptosis level was detected by flow

cytometry analysis. Western blot analysis was used to analyze p38 mitogen‐activated
protein kinase (MAPK) and apoptosis pathways. Angiogenic array analysis was used

to explore autocrine and paracrine growth factors in PCa cell lines. Xenograft tumor

model was built to observe the in vivo anticancer effect.

Results: TBL‐12 could significantly inhibit tumor growth in xenograft PCa mice in

vivo, and dramatically inhibit the proliferation, colony formation, migration, and

invasiveness of PCa cells in vitro (P < 0.05 and P < 0.001). The expression and

enzyme activity of MMP‐2 and MMP‐9 were significantly suppressed by TBL‐12
(P < 0.01), and decreased phosphorylation level of p38 in PCa cells was detected

(P < 0.001). Furthermore, TBL‐12 could reinforce the MMP‐2/MMP‐9 inhibitory

effect of SB203580, a specific inhibitor of the p38 MAPK pathway (P < 0.05).

Besides, TBL‐12 could induce the apoptosis of PCa cells by activating caspase‐9,
caspase‐7, and poly(ADP‐ribose) polymerase and suppressing survivin, and inhibit
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the secretion of angiogenin, angiopoietin‐2, and vascular endothelial growth factor

in PCa cells.

Conclusions: Sea cucumber extract TBL‐12 could suppress the proliferation and

metastasis of human PCa cells by inhibiting MMP‐2 and MMP‐9 via blocking the p38

MAPK pathway, inducing apoptosis through intrinsic caspase apoptosis pathway and

inhibiting the secretion of angiogenic factors. Our findings may be of importance and

significance for the research and clinical applications of sea cucumber extract in PCa

treatment.
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1 | INTRODUCTION

Prostate cancer (PCa) is the second most frequently diagnosed cancer,

second only to lung cancer, and the fifth leading cancer mortality in males

worldwide, and its incidence is notably higher in developed countries.1 At

present, treatments for PCa mainly include surgery, radiation, and

androgen deprivation therapy. However, eventually the tumors usually

become hormone‐refractory after long‐term treatment, and at this stage,

efficient therapies are not available.2,3 The prognosis of PCa is mainly

affected by cancer metastasis.4 Hence, finding new therapeutic

approaches to inhibiting tumor cell metastasis is urgently required.

Sea cucumber is a kind of nutritious echinoderm. It has been proven

to have antioxidant, antibacterial, and antitumor effects.5–10 It contains

a variety of active molecules, including holothurin A (HA), philinopside

A, philinopside E, stichoposide C, stichoposide D, frondoside A, ds‐
echinoside A, 24‐dehydroechinoside A (DHEA), cucumarioside А2–2,

and so forth.5 Studies have shown that these molecules can inhibit

tumor progression through many different mechanisms. For example,

frondoside A, isolated from Cucumaria frondosa, can inhibit the

proliferation of pancreatic cancer, lung cancer, and breast cancer cell

lines and increase the expression of the p53 and p21 genes and

promote apoptosis via the cas3/7 pathway.5–10 It also inhibits cell

migration and invasion of breast cancer by inhibiting the prostaglandin

receptor EP2/EP4 and blocking extracellular signal‐regulated kinase

1/2 (ERK1/2) activation.6,8 Philinopside A and philinopside E, isolated

from Pentacta quadrangularis, can inhibit receptor tyrosine kinases, such

as fibroblast growth factor receptor‐1 (FGFR1) and platelet‐derived
growth factor receptor β (PDGF‐β).11,12 Philinopside E can also inhibit

the binding of kinase insert domain‐containing receptor and integrin

αvβ3 in human microvascular endothelial cells, thus inhibiting the

adhesion and migration of tumor cells.13 Stichoposide C and stichopo-

side D promote ceramide production and increase the apoptosis of

leukemia and colorectal cancer cells by activating the Fas and caspase‐8
pathways.14–16 The antitumor effect of cucumarioside A2‐2 lies in the

inhibition of the S phase of the cell cycle as well as cell division and

proliferation,17 whereas Ds‐echinoside A induces liver cancer Hep‐G2
cells to remain in the G0/G1 phase.18 Ds‐echinoside A, HA, and DHEA

can also promote TIMP‐1 (tissue inhibitor of metalloproteinase‐1)
expression, inhibit MMP‐9 and vascular endothelial growth factor

(VEGF) expression, and thus reduce cancer cell angiogenesis and

invasion.19,20 However, most of these studies focused on only a few

types of cancers, such as breast cancer, pancreatic cancer, and leukemia.

To date, few studies describing the effect of sea cucumber or its

components on PCa have been reported,21–23 and its mechanisms of in

vivo or in vitro anticancer/antitumor activities are not fully understood.

TBL‐12 is a new sea cucumber extract, a product of Unicorn Pacific

Ltd, New Zealand (http://www.tbl12.com/). As the first natural product

to be granted orphan drug indication for the treatment of multiple

myeloma (MM) by the Food and Drug Administration of the United

States, TBL‐12 is currently undergoing clinical II trials at the York

University Hospital and Mount Sinai Hospital for the treatment of

MM. 24 Preliminary studies have found that TBL‐12 can inhibit the

proliferation of MM1, U266, KMS1, and APP1 cells.24 However, there

are no other reports on the antitumor effect of this natural bioactive

compound on other tumors. Since no extensive study on the antitumor

effect of sea cucumber on PCa is available, the effect of TBL‐12 on the

biological activities of PCa cells (eg, proliferation and metastasis) is not

fully known, and its possible mechanism is not clear.

Therefore, in this study, we explored the biological effect of TBL‐12
on the human PCa cell lines LNCaP, 22RV1, PC‐3, and DU145 and the

possible molecular mechanisms that may be involved. The in vivo anti‐
PCa effect of TBL‐12 was also observed in a xenograft mouse model. Our

results showed that the sea cucumber extract TBL‐12 could suppress the

proliferation and metastasis of human PCa cells by reducing the enzyme

activities of MMP‐2/MMP‐9 by blocking the p38 mitogen‐activated
protein kinase (MAPK) pathway and inducing PCa cell apoptosis through

the intrinsic caspase apoptosis pathway, and inhibiting secretion of

agiogenic factors, which showed that TBL‐12 could be a potential

promising therapeutic agent for PCa in the future.

2 | MATERIALS AND METHODS

2.1 | Cell lines and culture

The normal prostate epithelial cell line RWPE‐1, the normal prostate

myofibroblast stromal cell line WPMY‐1 as well as the human PCa cell

lines LNCaP, 22RV1, PC‐3, and DU145 were obtained from the American

Type Culture Collection (ATCC). RWPE‐1 cells were cultured in
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keratinocyte serum‐free medium (K‐SFM). LNCaP, 22RV1, and PC‐3 cells

were cultured in RPIM‐1640 medium containing 10% fetal bovine serum

(FBS) and 1% penicillin/streptomycin (Sigma‐Aldrich, St. Louis, MO).

WPMY‐1 and DU145 were maintained in Dulbecco’s modified Eagle’s

medium (DMEM) containing 10% FBS and 1% penicillin/streptomycin in a

5% CO2 atmosphere at 37°C. K‐SFM, RPIM‐1640, DMEM, and FBS were

all products of (Gibco, Thermo Fisher Scientific Inc, Waltham, MA).

2.2 | Cell proliferation analysis

Cell proliferation was measured using the Cell Counting Kit‐8 (CCK‐
8; Dojindo Molecular Technologies Inc, Kumamoto, Japan). Cells

were seeded into a 96‐well plate (Corning Incorporated Costar,

Corning, NY) with an initial density of 2000 cells/well. After 18 hours

of culture at 37°C in a 5% CO2 atmosphere, cells were treated with

TBL‐12 (Unicorn Pacific Co, Port Vila, Vanuatu) at concentrations of

30, 60, and 90 μg/mL, based on the outcomes of preliminary

experiments. Cells treated with phosphate‐buffered saline (PBS)

served as a control. In each experiment for each group, three

duplicate wells were analyzed. Then, 10 μL CCK‐8 solution was

added to each well and incubated for another 1 hour before

detection. Absorbance at 450 nm was measured every 24 hours for

5 consecutive days by a Tecan Sunrise microplate reader (Tecan,

Männedof, Switzerland), and the growth curves were drawn.

2.3 | Colony formation assay

Cells (500 cells/well) were seeded into six‐well plates (Corning

Incorporated Costar, Corning, NY), cultured overnight and subsequently

treated with TBL‐12 (30, 60, and 90 μg/mL) for 24 hours, and then the

supernatant was changed to the fresh complete culture medium. Cells

treated with PBS served as negative control. Cells were cultured for 15

days, and colonies were observed every day. After 15 days of culture, the

medium was removed and washed with PBS three times. Cells were fixed

with 100% ice‐cold methanol for 20minutes and stained with 0.1%

crystal violet for 10minutes and then washed twice with PBS. Cell colony

images were photographed by an inverted fluorescence microscope

(Olympus Corporation, Tokyo, Japan). The numbers of colonies with more

than 50 cells were counted.

2.4 | Scratch migration assay

Cells were seeded at a density of 3.0 × 105 cells in six‐well plates and

allowed to reach approximately 90% confluence. After the culture

medium was removed, the cell monolayer was carefully scraped with

a 10 μL plastic pipet tip to create a scratch, and cell debris was

removed by washing twice with PBS. Then, the cells were treated

with TBL‐12 (concentration 30, 60, and 90 μg/mL) for 24 hours. Cells

treated with PBS served as the negative control. The scratch area

was photographed at 0 and 24 hours using an inverted fluorescence

microscope. The scratch area was gauged by the ImageJ software

(National Institutes of Health, Bethesda, MD). The migration rate was

calculated with the following formula:

Migration rate = (wound area [0 hours]−wound area [24 hours])/

wound area [0 hours]) × 100%.

Data are presented as the mean ± standard deviation (SD) of

three independent experiments.

2.5 | Transwell invasiveness assay

An invasiveness test was performed using Transwell chambers (Corning

Incorporated Costar, Corning, NY). Matrigel (BD Biosciences, San Jose,

CA) was diluted to 1:8 with serum‐free RPIM‐1640 and DMEM medium,

respectively, and 100μL diluted Matrigel was added to the upper

chamber. The chamber was incubated for 3 hours at 37°C to solidify.

After incubation, the remaining liquid was removed, and cells were

seeded on the upper chamber at a density of 5 ×104 cells/well in 100μL

medium containing TBL‐12 (at concentrations of 30, 60, and 90μg/mL).

Cells treated with PBS served as a negative control. Then, 600μL

medium containing 10% FBS was added to the lower chamber. After

24 hours of incubation at 37°C in 5% CO2, the culture medium was

discarded, and the cells on the upper surface that did not cross the

membrane were wiped with a cotton swab. The cells that invaded the

lower surface of the membrane were fixed with 4% paraformaldehyde

for 20minutes and stained with 0.1% crystal violet for 10minutes. The

numbers of cells were counted with the ImageJ software in six random

fields (×100) per membrane and were shown as the mean number of cells

per field ± SD of three representative chambers.

2.6 | Flow cytometric analysis of apoptosis

Cell apoptosis was analyzed using the Annexin V Alexa Fluor 488 and

Propidium Iodide (PI) Dead Cell Apoptosis kit (Invitrogen, Thermo Fisher

Scientific Inc, Waltham, MA). Cells were seeded at a density of 3.0 × 105

cells in six‐well plates, treated with TBL‐12 (concentration 30, 60, and 90

μg/mL) and cultured until approximately 90% confluence. Cells treated

with PBS served as a negative control. After 24 hours of TBL‐12
treatment, cells were digested with 0.125% trypsin‐ethylenediaminete-

traacetic acid (Gibco, Thermo Fisher Scientific Inc) and centrifuged at

1000g for 5minutes at 4°C. Then, the cells were washed twice with cold

PBS and resuspended in 100 μL 1× binding buffer with 5 µL annexin V‐
fluorescein isothiocyanate and 1µL PI. Cells were incubated in the dark

at 20°C for 15minutes and then analyzed by a Becton Dickinson FACS

Calibur instrument (BD Biosciences, San Jose, CA) within 1 hour. The

results were analyzed with Kaluza Flow cytometry analysis software

(Beckman Coulter Inc, Kraemer Boulevard Brea, CA).

2.7 | Gelatin zymography

The enzyme activities of MMP‐2 and MMP‐9 were assayed by gelatin

zymography. After treatment with TBL‐12 (concentrations of 30, 60, and

90 μg/mL) for 24 hours, the culture supernatant was collected. Protein

concentration was assayed using bicinchoninic acid (BCA) assay reagent

(Beyotime Institute of Biotechnology, Guangzhou, China). The samples

were mixed with the loading buffer and applied to a 10% sodium dodecyl

sulfate (SDS)‐polyacrylamide gel containing 0.1% gelatin as a substrate.
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After electrophoresis at 100V for 1.5 hours at 4°C, the gels were washed

twice in eluent buffer (2.5% Triton X‐100, 50mmol/L Tris‐HCl, 5mmol/L

CaCl2, pH 7. 6) on a shaker for 40minutes at 4°C and rinsed twice with

rinse buffer (50mmol/L Tris‐HCl and 5mmol/L CaCl2) for 20minutes.

Then, the gels were incubated overnight at 37°C in the incubation buffer

(50mmol/L Tris‐HCl, 5mmol/ CaCl2, 0. 02% Brij‐35, pH 7.6). After

incubation, the gels were stained with a staining solution (0.05%

Coomassie Brilliant Blue, 30% methanol, and 10% acetic acid) for 3

hours and then decolorized for 0.5, 1, and 2 hours with decolorizing

solutions A, B, and C (methanol concentrations of 30%, 20%, and 10%,

and acetic acid concentrations of 10%, 10%, 5%, respectively). MMP‐2
(72 KD) and MMP‐9 (92 KD) were visualized as translucent bands.

2.8 | RNA extraction and qRT‐PCR

Cells (1 × 106 cells/well) were cultured in six‐well plates for 48 hours and

treated with TBL‐12 (concentration 30, 60, and 90 μg/mL) for 24 hours.

Cells treated with PBS served as a negative control. Total RNA was

extracted using EZNA HP Total RNA Kit (Omega, Norcross, GA). A total

of 1 μg RNA was reverse‐transcribed using a Thermo Fisher Scientific

Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific),

with the following procedure: 25°C for 5minutes; 42°C for 60minutes;

followed by 70°C for 5minutes. Quantitative polymerase chain reaction

(qPCR) was performed using TB Green Premix Ex Taq II (Takara,

Kusatsu, Japan) under the following conditions: 95°C for 30 seconds;

40 cycles of 95°C for 5 seconds and 60°C for 34 seconds; one cycle of

95°C for 15 seconds, 60°C for 1minute, ending as 95°C for 15 seconds;

and standing at 4°C. The primers used for theMMP‐2 andMMP‐9 qPCR

analysis were as follows:MMP‐2 forward CTGGCTGTGCAATACCTGAA,

reverse CAGGGTCCATAGCTCATCGT; MMP‐9 forward AAGGCCATG

CGAACCCC ACG, reverse TGGAACCACGACGCCCT TGC; and GAPDH

forward AGGCCGGTG CTGAGTATGTC, reverse TGCCTGCT TCACCA

CCTTCT. The relative RNA levels were determined with the −ΔΔ2 Ct

method.

2.9 | Western blot analysis

Cells (1 × 106 cells/well) were seeded in six‐well plates and treated with

TBL‐12 (at concentrations of 30, 60, and 90 μg/mL) for 24 hours. Cells

were then washed twice with ice‐cold PBS. Total proteins were prepared

using a total protein extract kit (Keygen, Nanjing, China) according to the

manufacturer’s instructions. Briefly, the protein concentration was

determined with a Pierce BCA Protein Assay Kit (Thermo Fisher

Scientific). A total of 30 μg protein was loaded on a 10% SDS

polyacrylamide gel electrophoresis (SDS‐PAGE) and transferred onto a

polyvinylidene difluoride membrane (Pierce Biotechnology Inc, Rockford,

IL). The membranes were blocked with 5% (w/v) nonfat dry milk for more

than 2 hours, washed with Tris‐buffered saline‐Tween (TBST) for

10minutes three times and incubated with the indicated specific

antibodies overnight. The primary antibody dilutions used were as

follows: MMP‐2 (1:200), MMP‐9 (1:1000), β‐tubulin (1:1000), phospho‐
Erk1/2 (p‐Erk1/2,1:1000), survivin (1:1000), phospho‐p38 (1:1000),

phospho‐stress‐activated protein kinase/c‐Jun NH2‐terminal kinase

(SAPK/JNK; 1:1000), caspase‐7 (1:1000), caspase‐9 (1:1000), poly(ADP‐
ribose) polymerase (PARP, 1:1000), and glyceraldehyde 3‐phosphate
dehydrogenase (GAPDH; 1:1000). The anti‐MMP‐2 antibody was a

product of Santa Cruz Co (Dallas, TX), and the anti‐GAPDH antibody was

from Cwbiotech Co (Kangwei, Jiangsu province, China). Other antibodies

were all products of Cell Signaling Technology (Boston, MA). After

incubation, the membranes were washed with TBST for 10minutes three

times and then incubated with the secondary antibody for 1 hour. After

washing with TBST three times, the membrane was visualized with an

enhanced chemiluminescence kit (Applygen Technologies, Beijing, China).

The density of each band was analyzed with Image PRO Plus software

(Image‐Pro Plus 4.5, MediaCybernetics, Rockville, MD), and GAPDH

served as an internal control.

2.10 | Angiogenic array analysis

After treatment with TBL‐12 (concentrations of 30, 60, and 90 μg/mL) for

24 hours, the cell culture supernatant was collected. The quantification of

10 key angiogenic factors was performed using the Quantibody Human

Angiogenesis Array (RayBiotech, Inc, Norcross, GA) according to the

manufacturer’s instructions, including angiogenin, angiopoietin‐2 (ANG‐2),
VEGF, basic FGF (bFGF), heparin‐binding epidermal growth factor (HB‐
EGF), hepatocyte growth factor (HGF), leptin, PDGF‐BB, placental growth
factor (PIGF), and EGF. Briefly, 100 μL sample diluent was added to each

well and incubated at room temperature for 30minutes to block. After

decanting the blocking buffer, 100μL standard cytokines or samples were

added into each well and incubated with the arrays at room temperature

for 1 hour. After washing three times, 80 μL Cy3 equivalent dye‐
conjugated streptavidin was added into each well and incubated for

1 hour in the dark at room temperature. Fluorescent signals were

visualized with a laser scanner (Axon GenePix; Molecular Devices,

Sunnyvale, CA). Data were analyzed using the microarray analysis

software (GenePix Pro 3.0; Axon Instruments Inc, Union City, CA).

2.11 | In vivo tumor xenograft assay

Human PCa cells PC‐3 (5 × 106 cells/mouse) were subcutaneously

transplanted into immune‐deficient nude mice to establish a xenograft

tumor model. Mice were orally gavaged with vehicle (water) or TBL‐12
(dose 2.5, 5.0, 7.5, 10mg/kg) on consecutive days for 4 weeks. Tumor

growth was monitored and recorded every 3 days, and the tumor volume

was calculated using the following formula: volume=1/2 (length ×

width2). Relative tumor volume (T/C) was used to evaluate the

antineoplastic activity of TBL‐12, and was calculated using the following

formula: T/C=1−(Vt−Vo)treatment group/(Vt−Vo)control group × 100%, where

“Vt” and “Vo” represent tumor volume at measurement and before TBL‐
12 administration, respectively. The observation period was 30 days.

When the observation ended, all the nude mice were killed, and PCa

tumor xenograft samples were resected and fixed in 10% buffered

formalin for further analysis. This animal study was approved by the

Institutional Animal Care and Use Committee (IACUC) of Zhongshan

School of Medicine, Sun Yat‐Sen University (Guangzhou, China).
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2.12 | Statistical analysis

Statistical data were evaluated using SPSS24.0 (SPSS Inc, Chicago, IL)

and GraphPad Prism5 (GraphPad Software Inc, La Jolla, CA).

Measurement data are shown as the mean ± SD of at least three

independent experiments. One‐way analysis of variance and the

Student t test were used for statistical analysis. A value of P < 0.05

was considered statistically significant.

3 | RESULTS

3.1 | TBL‐12 suppressed the proliferation and
colony formation ability of PCa cells in vitro

The effect of TBL‐12 (concentrations of 30, 60, and 90 μg/mL) on

PCa cell proliferation and normal prostate cells was analyzed. The

results showed that after TBL‐12 treatment, the proliferation of

F IGURE 1 Sea cucumber extract TBL‐12 suppressed the proliferation and colony formation of prostate cancer cells. A, CCK‐8 assay showed that
TBL‐12 significantly inhibited the growth of prostate cancer cell lines, including LNCap, 22RV1, PC‐3, and DU145 cells, in a dose‐dependent manner.
Treatment with TBL‐12 for 48 hours significantly inhibited the proliferation of prostate cancer cells. *P<0.05 compared with the control. B, The colony

formation assay showed that TBL‐12 markedly reduced the colony formation ability of prostate cancer cells. Representative micrographs (upper) and
quantifications (bottom) of the crystal violet‐stained cell colonies formed by the indicated PCa cells are shown 15 days after cell inoculation. Colonies
containing >50 cells were counted. *P<0.05, **P< 0.01, and ***P<0.001 compared with the control. CCK‐8, Cell Counting Kit‐8; PCa, prostate cancer.
[Color figure can be viewed at wileyonlinelibrary.com]
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PCa cells was significantly suppressed (P < 0.05; Figure 1A),

revealing that TBL‐12 could inhibit PCa cell proliferation in a

dose‐dependent manner. Further colony formation assays con-

firmed that TBL‐12 could significantly inhibit the colony formation

ability of PCa cells (Figure 1B). All colony numbers were

dramatically lower than the control group when the cells were

treated with ≥30 μg/mL TBL‐12 (P < 0.01) for 24 hours. When

treated with 30 and 60 μg/mL TBL‐12, the colony formation rates

were 80% ± 5% and 71% ± 4% per field in LNCaP cells, 72% ± 10%

and 67% ± 9% in 22RV1 cells, 75% ± 5% and 31% ± 4% in PC‐3
cells, and 63% ± 6% and 16% ± 4% in DU145 cells, respectively

(P < 0.05). When treated with 90 μg/mL TBL‐12, the colony

formation rates dramatically dropped to 7% ± 3% per field in

LNCaP cells, 21% ± 7% in 22RV1 cells, 8% ± 3% in PC‐3 cells and

5% ± 2% in DU145 cells (P < 0.001). In addition, to verify the effect

of TBL on normal cells, we observed the toxicity of TBL on the

normal prostate epithelial cell line RWPE‐1 and the normal

prostate myofibroblast stromal cell line WPMY‐1 with CCK‐8
and found that there was no significant toxic effect of TBL‐12 on

normal prostate cells (Figure S1).

3.2 | TBL‐12 inhibited the migration and
invasiveness of PCa cells in vitro

To understand the effects of TBL‐12 on the migration ability of PCa cells,

the cells were treated with TBL‐12 (concentrations 30, 60, and 90μg/mL)

for 24 hours, and the inhibitory effect on migration was analyzed by a

scratch migration assay. The results showed that TBL‐12 significantly

suppressed the migration of PCa cells (P<0.05; Figure 2A). The migration

rates were 23%±2% to 8%±3% of LNCaP cells, 19%±3% to 2%±3% of

22RV1 cells, 53%±10.82% to 12.33%±4.04% of PC‐3 cells, and 54%±

6.25% to 9%±1% of DU145 cells (Figure 2A). The effect of TBL‐12 on

the invasiveness of PCa cells was further analyzed using Transwell

chambers, and the cells that invaded through the polycarbonate

membrane of the Boyden chamber were counted. The results showed

that TBL‐12 also significantly suppressed the invasiveness of PCa cells (P

<0.05; Figure 2B). After treatment with TBL‐12 for 24 hours, the

numbers of invasive cells were significantly decreased from 152±8 cells

to 9 ±7 cells per field in the LNCaP cell line, from 512±33 to 22±13 per

field in the 22RV1 cell line, 1085±101 cells to 29±18 cells per field in

the PC‐3 cell line and from 516±38 to 10±9 per field in the DU145 cell

line (Figure 2B). These results showed that TBL‐12 could dramatically

inhibit the migration and invasiveness of PCa cells in vitro.

3.3 | TBL‐12 restrained the growth of PC‐3
xenograft tumors in vivo

To further confirm the antitumor activity of TBL‐12 in vivo, a PC‐3
xenograft tumor model was established in nude mice. After TBL‐12
treatment of only 6 days, we observed that TBL‐12 significantly reduced

tumor volume at the dose of 5.0mg/kg (P < 0.05 for tumor volume,

Figure 3A and P <0.001 for tumor weight at Day 28; Figure 3C). The

mice did not show significant loss of body weight except for the

10.0mg/kg group. Mice body weight was attenuated only at a dose of

10.0mg/kg and after administration for 12 days (Figure 3B; P < 0.05). At

the end of the observation (Day 28), the mice were killed, and the

tumors were weighed and photographed. As shown in Figure 3C, when

the mice were administered a dose of 10.0mg/kg for 4 weeks, tumor

growth was significantly inhibited by approximately 79.8% compared

with the vehicle treatment group (P < 0.001). A dose higher than

5mg/kg could generate significant suppression of tumor growth, and

these results confirmed the in vivo antitumor effect of TBL‐12 in PCa

xenograft mice.

3.4 | TBL‐12 decreased the expression and activity
of MMP‐2 and MMP‐9 in PCa cells

MMPs are crucial for extracellular matrix (ECM) degradation, and

ECM degradation is vital for cell migration and invasiveness. There-

fore, to further illustrate the mechanism of the TBL‐12 effect on PCa

cell migration and invasiveness, we further investigated the effects of

TBL‐12 on MMP expression and function. As shown in Figure 4A and

4B, Western blot analysis and quantitative reverse‐transcription PCR

(RT‐qPCR) analysis revealed that TBL‐12 significantly inhibited the

expression of MMP‐2 and MMP‐9 (P < 0.05). After treatment with

TBL‐12 (30, 60, and 90 μg/mL) for 24 hours, MMP‐2 and MMP‐9
activity, messenger RNA, and protein expression levels in PCa cells

were notably suppressed (P < 0.05; Figure 4). In LNCaP and 22RV1

cells, MMP‐2 and MMP‐9 expression was more markedly inhibited by

TBL‐12 than in PC‐3 and DU145 cells. In PC‐3 cells, the expression of

MMP‐2 was more markedly inhibited than that of MMP‐9, whereas in

DU145 cells, the inhibition effect of MMP‐9 was larger than that of

MMP‐2 (Figure 4A and 4B). Moreover, the enzyme activities of

MMP‐9 and MMP‐2 were also remarkably suppressed by TBL‐12, as
shown by gelatin zymography analysis (P < 0.05; Figure 4C). Taken

together, these results suggested that TBL‐12 could inhibit PCa cell

metastasis via the downregulation of MMP‐2 and MMP‐9.

3.5 | TBL‐12 inhibited MMP‐2/MMP‐9 via the p38
MAPK signaling pathway

The p38 MAPK pathway is main pathway that regulates MMP‐2 and

MMP‐9 levels, so we explored the effect of TBL‐12 treatment on the

phosphorylation of p38, JNK1/2, and ERK1/2 in PCa cells. Although

the levels of p38, JNK, and ERK were not significantly changed, their

phosphorylation was dramatically altered. After treatment with TBL‐
12 (concentrations of 30, 60, and 90 μg/mL) for 24 hours, the

phosphorylation of p38 MAPK was significantly inhibited in all PCa

cell lines, as shown in Figure 5A (P < 0.001). Additionally, the p‐JNK1/

2 level was dramatically enhanced in LNCaP, PC‐3 and DU145 cells

but was not changed in 22RV1 cells (Figure 5A). The level of p‐ERK1/
2 was enhanced in PC‐3 and DU145 cells but not in LNCap and

22RV1 cells (Figure 5A). Western blot analysis of AKT and

p‐AKT, the key factor of the phosphoinositide‐3‐kinase/protein
kinase B (PI3K/Akt) pathway, showed negative results (Figure S2),
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F IGURE 2 TBL‐12 suppressed the migration and invasiveness of prostate cancer (PCa) cells. A, Scratch migration assay showed that TBL‐12
significantly suppressed the cell migration ability of prostate cancer cells. Cell mobility was measured at 0 and 24 hours (phase contrast ×100).
B, Transwell invasiveness assays showed that TBL‐12 could dramatically inhibit the invasiveness of PCa cells. Cells that invaded the lower
surface of the membrane were stained with 0.1% crystal violet and counted (×100). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the
control. [Color figure can be viewed at wileyonlinelibrary.com]
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indicating that PI3K/Akt was not a major regulatory pathway of

MMP‐2 and MMP‐9 in PCa cells treated with TBL‐12.
To confirm the regulatory effect of TBL‐12 on the p38 MAPK

signaling pathway, PCa cells were further treated with or without a

p38 inhibitor (50 μM SB203580) for 24 hours, and MMP‐2/MMP‐9
activity was analyzed by gelatin zymography assay (Figure 5B). Gelatin

zymography analysis confirmed that MMP‐2 and MMP‐9 activity could

be significantly suppressed by TBL‐12, whereas SB203580 could

reinforce this effect in all PCa cell lines (P < 0.001; Figure 5B). MMP‐2
and MMP‐9 enzyme activity was significantly suppressed by

SB203580 together with 30 μg/mL of TBL‐12 in PCa cells, and

showing a synergistic effect with TBL‐12 (P < 0.05; Figure 5B).

Therefore, TBL‐12 may inhibit the migration and invasiveness of

human PCa cells by the downregulation of MMP‐2/MMP‐9 via the

suppression of the p38 MAPK signaling pathway.

3.6 | TBL‐12 promotes cell apoptosis through the
caspase‐9/caspase‐7/PARP pathway

Proliferation analysis revealed that TBL‐12 suppressed the pro-

liferation and colony formation ability of PCa cells. To further

elucidate the mechanism, apoptosis levels were determined by flow

cytometry. We found that TBL‐12 could enhance PCa cell apoptosis

(Figure 6A). The proportion of apoptotic cells increased significantly

from 1.5% ± 1.7% to 21.8% ± 1.5% of LNCaP cells, from 2.8 ± 2.5%

to 71.1 ± 6.5% of 22RV1 cells, from 6.7% ± 0.8% to 15.4% ± 0.4% of

PC‐3 cells, and from 4.0 ± 2.6% to 70.7 ± 2.1% of DU145 cells

(P < 0.001; Figure 6A) after treatment with TBL‐12 for 24 hours.

Further analysis of the apoptosis signaling pathways confirmed that

caspase family factors were activated by TBL‐12 treatment, while

the apoptosis inhibition gene survivin was downregulated, as shown

by Western blot analysis (Figure 6B). Western blot analysis showed

that the expression of the precursors including pro‐caspase‐9, pro‐
caspase‐7, PARP, and survivin were downregulated, whereas

simultaneously, the expression of cleaved caspase‐9, caspase‐7,
and PARP were upregulated (Figure 6B). Because caspase‐7 is

cleaved by the apoptotic initiators caspase‐9 and is responsible for

cleaving downstream substrates such as PARP,25 and survivin is one

of the antiapoptotic proteins that could bind active caspase‐7 and

prevent cascade from being cleaved,26 these results confirmed that

TBL‐12 could inhibit PCa cell proliferation and promote cell

apoptosis through the activation of the intrinsic caspase‐9/
caspase‐7/PARP apoptosis pathway.

3.7 | TBL‐12 downregulated angiogenic growth
factors in PCa cells

To understand the role of TBL‐12 on the regulation of angiogenic growth

factors, 10 human angiogenic growth factors, including angiogenin, ANG‐
2, EGF, bFGF, HB‐EGF, HGF, leptin, PDGF‐BB, PIGF, and VEGF, in the

TBL‐12‐treated PCa cell culture supernatant were measured by

angiogenic array analysis. The results showed that among these

F IGURE 3 TBL‐12 suppressed prostate cancer growth in vivo. Prostate cancer cell PC‐3 cells (5 million per mouse) were subcutaneously
transplanted into immune‐deficient nude mice to establish a xenograft tumor model. Mice were orally gavaged with water or TBL‐12 for 4
weeks. A, Tumor volumes were measured every 3 days to assess the effect of TBL‐12 on tumor growth. *P < 0.05, **P < 0.01, and ***P < 0.001

compared with the control group. B, The body weight of the mice was monitored every 3 days to observe TBL‐12 toxicity. *P < 0.05, **P < 0.01,
and ***P < 0.001 compared with the control group. C, Xenografts were resected, and the weights of the xenograft tumors were measured at the
end of the observation period. ***P < 0.001 compared with the control group. [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 4 TBL‐12 suppressed MMP‐2 and MMP‐9 expression and activity in prostate cancer cells in vitro. Western blot analysis and RT‐
qPCR assays were used to detect the protein and mRNA expression of MMP‐2 and MMP‐9 in prostate cancer cells. Expression levels were
normalized to GAPDH expression. The error bars represent standard deviation (SD) values calculated from three parallel experiments. A,
Western blot analysis showed that MMP‐2 and MMP‐9 protein expression was significantly suppressed after 24 hours of TBL‐12 treatment. B,

RT‐qPCR analysis showed that MMP‐2 and MMP‐9 expression was accordingly suppressed at the mRNA level after 24 hours of TBL‐12
treatment. C, Gelatin zymography analysis of MMP‐2 and MMP‐9 activity showed that TBL‐12 could remarkably inhibit the enzyme activities of
MMP‐9 and MMP‐2. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control. GAPDH, glyceraldehyde 3‐phosphate dehydrogenase;

MMP, matrix metalloproteinase; mRNA, messenger RNA; RT‐qPCR, quantitative reverse‐transcription polymerase chain reaction
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angiogenic factors, EGF, PIGF, HB‐EGF, leptin, bFGF, HGF, and PDGF‐BB
levels were extremely low (<5 pg/mL) in all four PCa cell lines after

24 hours of culture, and there was no significant difference between the

PBS‐treated control group and the TBL‐12‐treated groups (P>0.05).

However, angiogenin levels were decreased in LNCaP, PC‐3, and DU145

cells (P<0.001, Figure 7), but not in 22RV1 cells. The ANG‐2 level was

decreased in 22RV1 and DU145 cells; 60μg/mL TBL‐12 significantly

inhibited ANG‐2 levels in 22RV1 cells, and 90μg/mL TBL‐12 inhibited

ANG‐2 in DU145 cells (P<0.05; Figure 7). VEGF was decreased in

22RV1 and DU145 cells but not in LNCap and PC‐3 cells (Figure 7). In

F IGURE 5 TBL‐12 suppressed MMP‐2
and MMP‐9 activity via the p38 MAPK
signaling pathway in prostate cancer cells.

A, Western blot analysis of the
phosphorylation levels of p38, JNK1/2, and
ERK1/2 in prostate cancer cells showed

that TBL‐12 could significantly
downregulate p‐p38 levels in all four PCa
cell lines, whereas p‐JNK1/2 and p‐ERK1/2
levels varied in different PCa cells. B,
Gelatin zymography analysis confirmed
that the p38 inhibitor SB203580 could
synergistically enhance the suppression

effect of MMP‐2 and MMP‐9 activity with
TBL‐12 in PCa cells. *P < 0.05, **P < 0.01,
and ***P < 0.001 compared with the

control. ERK, extracellular signal‐regulated
kinase; JNK, c‐Jun NH2‐terminal kinase;
MAPK, mitogen‐activated protein kinase;

MMP, matrix metalloproteinase
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F IGURE 6 TBL‐12 promoted the apoptosis of prostate cancer cells via the caspase‐9/caspase‐7/PARP pathway. A, Flow cytometry was used

to analyze the apoptosis of TBL‐12‐treated prostate cancer cells. An Annexin V Alexa Fluor 488 and Propidium Iodide (PI) Dead Cell Apoptosis
kit was used to detect apoptosis after 24 hours of TBL‐12 treatment. The early apoptotic cells were stained with annexin V+PI−. TBL‐12
treatment significantly enhanced the proportion of apoptotic cells. Cells treated with PBS served as the negative control. ***P < 0.001. B, Key
factors of the caspase family were analyzed by Western blot analysis. Tubulin was used as an internal control. TBL‐12 decreased the levels of

pro‐caspase‐9, pro‐caspase‐7, precursor PARP, and survivin and upregulated cleaved caspase‐9, caspase‐7, and cleaved PARP levels in prostate
cancer cells. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control. PARP, poly (ADP‐ribose) polymerase. [Color figure can be viewed
at wileyonlinelibrary.com]
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PC‐3 cells, VEGF was slightly increased when treated with 60 μg/mL TBL‐
12 (P<0.05; Figure 7). The results showed that TBL‐12 could influence

some angiogenic growth factors, suppressing tumor angiogenesis by

inhibiting the secretion of angiogenin, ANG‐2, and VEGF from PCa cells.

4 | DISCUSSION

Metastasis and tumor relapse remain a serious problem for the long‐
term survival of PCa patients, and a lack of efficient therapy is

another major problem for advanced PCa treatment.1,2 Recently,

natural marine drugs have shown the potential to be curative for

several cancers.5–10 In recent years, at least 14 000 natural

compounds with pharmacological activities have been isolated from

marine animals and plants.27 There are many bioactive molecules in

the body wall of sea cucumber, such as sea cucumber saponin, 18

kinds of taurine, chondroitin sulfate, acid mucopolysaccharide, and

sphingolipid. Those components have antioxidant, antibacterial, and

antitumor biological activities.10,28 In this study, the effects of a new

sea cucumber extract, TBL‐12, were explored on PCa cells.

First, we observed the effect of TBL‐12 on the growth and

metastasis of PCa cells. Four representative PCa cell lines, including

the androgen receptor‐negative cell lines PC‐3 and DU145 and the

androgen receptor‐positive cell lines LNCaP and 22RV1, were

selected to investigate the effect of TBL‐12 on PCa. Two normal

prostate cell lines, the normal prostate epithelial cell line RWPE‐1

and the normal prostate myofibroblast stromal cell line WPMY‐1,
were selected to observe the toxic effect of TBL‐12 treatment. We

found that TBL‐12 could significantly inhibit the proliferation and

colony formation ability of PCa cells in vitro (P < 0.05; Figure 1) and,

at the same time, had no obvious cytotoxic effect on the normal

prostate cell lines WPMY and RWPE‐1 (Figure S1). The scratch

migration assay and Transwell invasiveness assay results revealed

that TBL‐12 could also suppress the migration and invasiveness of

PCa cells in vitro (P < 0.05; Figure 2). When treated with a dose of

30 μg/mL for 24 hours, TBL‐12 significantly suppressed the migration

of all four PCa cell lines (P < 0.05; Figure 2), whereas at 24 hours,

30 μg/mL TBL‐12 did not inhibit the proliferation of PCa cells

(P > 0.05; Figure 1), indicating that the migration and invasiveness

suppression effect was not the result of proliferation inhibition. To

further confirm the in vivo antitumor effect of TBL‐12, we built a

xenograft PCa model in nude mice using PC‐3 cells. We observed

that a dose higher than 5mg/kg per mouse could significantly

suppress tumor growth, reducing tumor volume and tumor weight

(P < 0.05; Figure 3). Only the dose of 10.0 mg/kg administered for

12 days attenuated mouse body weight (Figure 3B, P < 0.05),

indicating that TBL‐12 had very low toxicity. Therefore, these results

confirmed that the sea cucumber extract TBL‐12 could inhibit PCa

growth and metastasis in vitro and in vivo and has the potential to be

a promising natural drug for PCa treatment.

We further explored the potential mechanism of TBL‐12 bioactiv-

ity. Since the degradation of the ECM by tumor cells is a committed

F IGURE 7 TBL‐12 downregulated the level of angiogenin, ANG‐2, and VEGF in prostate cancer cells. Quantification of 10 key angiogenic
factors (angiogenin, ANG‐2, EGF, bFGF, HB‐EGF, HGF, leptin, PDGF‐BB, PIGF, and VEGF) in the cell culture supernatant was performed by
angiogenic array analysis. Angiogenin, ANG‐2 and VEGF levels were significantly suppressed by 24 hours of TBL‐12 treatment. *P < 0.05, **P <

0.01, and ***P < 0.001 compared with the control. ANG‐2, angiopoietin‐2; bFGF, basic fibroblast growth factor; EGF, epidermal growth factor;
HB‐EGF, heparin‐binding epidermal growth factor; HGF, hepatocyte growth factor; PDGF‐BB, platelet‐derived growth factor BB; PIGF,
placental growth factor; VEGF, vascular endothelial growth factor
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step in tumor cell metastasis and MMPs are the most important

proteolytic enzymes that degrade ECM,29 we deduce that TBL‐12
could affect MMP expression and thus suppress the migration and

invasiveness of PCa cells. Therefore, MMP‐2 and MMP‐9 expression

levels were detected by RT‐qPCR, Western blot analysis and gelatin

zymography analysis. Consistent with the report in human hepatocel-

lular liver carcinoma cells (HepG2),30 our results verified that sea

cucumber extract TBL‐12 could inhibit the expression and activity of

MMP‐2 and MMP‐9 in PCa cells (P < 0.05; Figure 4), suggesting that

MMP‐2/MMP‐9 is an important target of TBL‐12.
Previous studies proved that MMP‐2 and MMP‐9 are mainly

regulated by the MAPK, PI3K‐Akt, and nuclear factor‐κB signaling

pathways in PCa.31–34 Therefore, in this study, we analyzed the key

factors of the MAPK pathway and found that p38/MAPK may be the

major pathway of TBL‐12 action. The PI3K/Akt pathway was also

evaluated, but the results were negative (Figure S2). Because p38/MAPK

are key members of the MAPK family and play crucial roles in cell

differentiation, cell growth, and apoptosis,35 we deduce that p38 may be

one of the main targets of TBL‐12, so we further detected the level of

p38 phosphorylation using Western blot analysis. The results confirmed

that p38 phosphorylation was dramatically downregulated after TBL‐12
treatment (Figure 5A). Interestingly, the phosphorylation levels of the

other two factors, JNK1/2 and ERK1/2, were upregulated in some of the

PCa cell lines (Figure 5A). The p‐JNK1/2 level was dramatically enhanced

in LNCaP, PC‐3, and DU145 cells but was not changed in 22RV1 cells

(Figure 5A). The level of p‐ERK1/2 was enhanced in PC‐3 and DU145

cells but not enhanced in LNCap and 22RV1 cells (Figure 5A). Because

ERK and JNK are also involved in many physiological processes, such as

cell proliferation and apoptosis, and the cross‐talk between signaling

pathways is widespread in cancer cells,36,37 we presume that the

phenomena of the upregulation of p‐JNK1/2 and p‐ERK1/2 may be

related to the activation of other signaling pathways.

To further prove the role of p38 in TBL‐12‐mediatedMMP‐2/MMP‐9
inhibition, PCa cells were treated with the p38 inhibitor SB203580, and

the results showed that MMP‐2 and MMP‐9 enzyme activity was

significantly suppressed together with TBL‐12 in PCa cells, showing a

synergistic effect (P<0.05; Figure 5B). Therefore, TBL‐12 inhibits PCa

cell migration and invasiveness by suppressing the expression of MMP‐2
and MMP‐9 through the p38/MAPK pathway.

To understand the proliferation inhibition mechanism of TBL‐12, we
further analyzed the apoptosis level of TBL‐12‐treated PCa cells by flow

cytometry. The results confirmed that TBL‐12 could increase the

apoptosis level of all four PCa cell lines (P<0.05; Figure 6A). Western

blot analysis of key apoptosis factors showed that TBL‐12 enhanced the

expression of cleaved caspase‐9, cleaved caspase‐7, and cleaved PARP,

whereas it also decreased the expression of precursor PARP and the

inhibitor of apoptosis protein survivin (Figure 6B). Therefore, TBL‐12
could inhibit PCa cell proliferation and promote apoptosis through the

intrinsic caspase‐9/caspase‐7/PARP apoptosis pathway.

We also analyzed the effect of TBL‐12 on angiogenic growth factor

levels in PCa cells to understand the role of TBL‐12 in angiogenic

regulation. Because EGF, PIGF, HB‐EGF, leptin, bFGF, HGF, and PDGF‐
BB levels were extremely low in the culture supernatant of PCa cells,

there was no obvious effect of TBL‐12. We found that angiogenin levels

were decreased in LNCaP, PC‐3, and DU145 cells (Figure 7), but no

marked downregulation was observed in 22RV1 cells. ANG‐2 levels were

decreased in 22RV1 and DU145 cells (P<0.05; Figure 7) but not in

LNCap and PC‐3 cells. VEGF was decreased in 22RV1 and DU145 cells

but not in LNCap and PC‐3 cells (Figure 7). These results indicated that

the antitumor activity of TBL‐12 also lies in the inhibition of growth

factor levels and suppression of tumor angiogenesis by inhibiting the

secretion of angiogenin, ANG‐2, and VEGF from PCa cells, and the

antiangiogenic effect of TBL‐12 on different PCa cell lines varied. Since

TBL‐12 is sea cucumber extract which act as a compound preparation,

further consideration will be taken to the purification and identification of

the active components in TBL‐12 in our future study.

5 | CONCLUSIONS

In summary, this study proved that the new sea cucumber extract

TBL‐12 dramatically inhibited the proliferation of PCa cells,

suppressed their migration and invasiveness, induced cell apoptosis,

and inhibited the secretion of angiogenic growth factors such as

angiogenin, ANG‐2, and VEGF. These findings show that TBL‐12
could be a promising therapeutic candidate for PCa treatment. It was

also found that the antitumor mechanism of TBL‐12 includes the

suppression of PCa cell proliferation via the induction of the

endogenous apoptosis pathway and the inhibition of PCa cell

migration and invasiveness by repressing MMP‐2/MMP‐9 expression

via the downregulation of the p38 MAPK signaling pathway. Our

study may be of importance and significance to research and clinical

applications of sea cucumber extract in PCa treatment, especially

advanced and refractory PCa treatment.
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