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Abstract

Objective: Sea cucumbers are considered among the most important functional foods. Following bioassay guided
fractionation, we assessed the anti-proliferative and anti-inflammatory activities of Holothuria polii (H. polii) extracts.
Methods: Sea cucumber ethanolic extract and the partially purified aqueous fractions were assessed for their anti-
proliferative activities. These latter bioactivities were evaluated in the highly invasive MDA-MB-23 | human breast cancer cells
in two-dimensional and three-dimensional cultures using trypan blue exclusion assay. The tumor-suppressive effects of sea
cucumber ethanolic extract and aqueous fractions were assayed by measuring the trans-well invasion of MDA-MB-23 | cells
and the expression of some epithelial mesenchymal transition markers using quantitative reverse-transcription polymerase
chain reaction and western blot analysis. The anti-inflammatory activity of the aqueous fraction was tested by measuring the
secreted levels of interleukin-6, nitric oxide, and matrix metalloproteinase 9 in endotoxin-induced mammary epithelial SCp2
cells and interleukin- I3 in phorbol-12-myristate- | 3-acetate-activated human monocytic THP-I cells.

Results: Sea cucumber ethanolic extract and the aqueous fraction significantly decreased the proliferation of MDA-MB-231
cells by more than 50% at similar and noncytotoxic concentrations and caused an arrest in the S-phase of the cell cycle of
treated cells. In contrast, petroleum ether, chloroform, ethyl acetate, and n-butanol organic fractions did not show any significant
activity. Furthermore, sea cucumber ethanolic extract and aqueous fraction reduced the proliferation of MDA-MB-231 cells in
three-dimensional cultures by more than 60% at noncytotoxic concentrations. In addition, treatment with these concentrations
resulted in the loss of stellate outgrowths in favor of spherical aggregates and a 30% decrease in invasive properties. Both sea
cucumber ethanolic extract and aqueous decreased the transcription of vimentin and the protein expression levels of vimentin
and N-cadherin in three-dimensional cultures. The aqueous fraction decreased the levels of inflammatory markers interleukin-6,
nitric oxide, and matrix metalloproteinase 9 in the mouse mammary SCp2 cells, and the level of interleukin-1{3 produced by
phorbol-12-myristate- | 3-acetate-activated THP-1 human monocytic cells.

Conclusion: The data reveal for the first time promising anti-proliferative and anti-inflammatory activities in H. polii water
extract in two-dimensional and three-dimensional culture models.
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Introduction

The marine environment harbors a wealth of organisms that
produce a wide variety of primary and secondary metabolites
with demonstrated significant biological activities. Most
drugs against cancer or other diseases are either directly iso-
lated or designed from natural sources. Few marine-derived
compounds either made it to the cancer clinic such as
Trabectedin'> and Eribulin mesylate’>> or are currently
tested in clinical trials against various cancers such as
Aplidine*®7 and Kahalalide F.8

Sea cucumbers are an abundant group of marine inverte-
brates classified as echinoderms (phylum Echinodermata)
belonging to the class Holothuroidea with a total of about
1250 existing species identified so far.!° Besides their nour-
ishing value, sea cucumbers offer an important source of
therapeutic and medically valuable metabolites with anti-
cancer, anti-coagulant, anti-microbial, anti-oxidant, and
anti-viral bioactivities.!'13 A wide range of isolated triter-
pene glycosides, also known as saponins, from sea cucum-
bers have shown anti-cancer activities against several cancer
models with Frondoside A, isolated from Cucumaria fron-
dosa,'* which is the most studied in animal models of
breast,'>1¢ pancreatic,!” prostate,'’® and lung cancers.'?
Frondanol, from Cucumaria frondosa, is so far the only pat-
ented anti-inflammatory compound extracted from sea
cucumbers.20-2!

Holothuria polii (H. polii) belongs to the order
Aspidochirotida. It prominently inhabits the Mediterranean
and is the most abundant among sea cucumbers in
Lebanon.?223 Few studies have been conducted to identify
bioactivities from this sea cucumber species. So far, find-
ings include anti-parasitic activities from ethanol
extracts,?*25 anti-microbial activities from two ethanolic
fractions extracted from the body wall of the animal,2¢ and
cytotoxic activities of a protein-free ethanolic extract
against HCT116 and MCF-7 cancer cell lines.?’ The objec-
tive of this study is to characterize the anti-proliferative
bioactivity of H. polii in highly invasive MDA-MB-231
breast cancer cells in two-dimensional (2D) and three-
dimensional (3D) cultures and the anti-inflammatory bio-
activity in endotoxin (ET)-induced mammary epithelial
SCp2 and phorbol-12-myristate-13-acetate  (PMA)-
activated human monocytic THP-1 cell culture models.
Our results demonstrate that the sea cucumber ethanolic
extract (SCE) and the partially purified aqueous (Aq) frac-
tion promote a tumor-suppressive phenotype by decreasing
proliferation, invasion, and expression of some epithelial
mesenchymal transition (EMT) markers. Furthermore, the
partially purified Aq fraction showed anti-inflammatory
activity by downregulating the levels of some inflamma-
tory mediators. To our knowledge, this is the first study to
report anti-proliferative and anti-inflammatory activities in
a water-soluble fraction in sea cucumbers.

Materials and methods

Preparation and fractionation of sea cucumber
extract

Sample identification, preparation, and ethanol extraction. The
identification of the species as H. polii was made in coordi-
nation with the American University of Beirut Natural His-
tory Museum based on identification keys from Fischer and
Bauchot.?® Freshly collected sea cucumbers were handled
according to common procedures used to prepare crude
extracts (adopted and modified from Husni et al.?®). First,
the animal samples were rinsed with distilled water, dis-
sected into 2 cm? pieces and snap frozen in liquid nitrogen
and lyophilized for 2 days, pulverized using “A11 basic ana-
lytical mill” and stored at —80°C for extraction. Every 1 g of
pooled powdered material was reconstituted in 10 mL of
80% ethanol, homogenized with a laboratory Tissue-Tearor
for 2min on ice, and then centrifuged at 700 g for 10 min at
4°C. The supernatant was filtered through 100 um nylon
mesh and lyophilized.

Sea cucumber extract preparation. The lyophilized, ethanol
extracted material was reconstituted in phosphate-buffered
saline (PBS) and 10% dimethyl sulfoxide (DMSO), vortexed
and centrifuged at 17,000 g for 10 min. The supernatant was
filtered through 0.2 wm and the resulting extract, referred to
as SCE, was used in the study as described.

Sequential solvent fractionation. The lyophilized material
was partitioned sequentially in four different organic sol-
vents of increasing polarity and one remaining Aq layer, as
described by Riguera.’® About 3-4g of lyophilized sea
cucumber was dissolved in 1:5 ratio of 10% (v/v, 15-20
mL) methanol (MeOH) in water and fractionated twice
using a separating funnel against petroleum ether (PE; 30—
40 mL) followed by chloroform (CHCl;; 30-40 mL), ethyl
acetate (EtAc; 30-40 mL), and n-butanol (BuOH; 30-40
mL). The ratio between the two immiscible solvents was
2:1 in all liquid-liquid fractionation steps. Each fraction
was dried using a rotavapor (40°C) to give a solid or an oily
residue except for the Aq fraction, which was freeze-dried.
A control sample of 10% MeOH free of SCE was fraction-
ated identically in all solvents. The yielded mass from
every test and control fraction was formulated similarly to
SCE preparation. The resulting five control fractions (four
organic and one Aq) were added to the cells in equal vol-
umes to the fractions containing SCE.

The solvent partitioning yielded 10% (*5.1%), 2.6%
(£1.2%), 5.3% (*£3.6%), 18.2% (£7.2%), and 63.9%
(£7.3%) among PE, CHCI3, EtAc, BuOH, and Aq frac-
tions, respectively. The overall loss, due to the fractionation
process, from the initial mass of crude tissue was 52.8%
(£12.1%) from three independent fractionations.
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Treatment

Bioactive and noncytotoxic concentrations were chosen
for the crude extract and the purified fractions. The con-
centrations of the extracts were similar to other studies
examining crude and purified extracts from sea cucum-
bers? and from H. polii in particular.2® In brief, mass con-
centration was used to standardize and report the
concentrations across different sea cucumber batch prepa-
rations and purified fractions. The active mass concentra-
tions against the cell lines tested were reproducible across
six different sea cucumber batch preparations. The data
provided in this study were generated from a single pool
of sea cucumbers.

Cell counting and immunoblotting

MDA-MB-231 (provided by Dr Mina Bissell, Lawrence
Berkeley National Lab, Berkeley, CA) human mammary
adenocarcinoma cells were grown in 2D on plastic and in 3D
on Matrigel (BD Biosciences, San Jose, CA) cultures as
described earlier.3! MDA-MB-231 cells were plated in
12-well plates at a density of 4 X 10* cells per well. The cells
were treated in triplicates at the indicated concentrations and
viable cells were counted daily at 1, 2, and 3 days post treat-
ment in 2D cultures and up to 5days in 3D cultures. At each
time point, for cells cultured in 3D, 2 mL of 2.5 mM PBS-
ethylenediaminetetraacetic acid (EDTA) was added to each
well and incubated in a shaker at 4°C for 60 min and then left
to settle on ice for 10min. The mixture was centrifuged at
200 g for Smin at 4°C, the supernatant was removed, and the
pellet was washed with 1X PBS, centrifuged, and recovered
for cell counting. All cell counts were from three independ-
ent experiments.

For western blots analysis, total cellular protein extracts
were prepared and resolved on sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) as previously
described.3! In brief, membranes were blocked at room tem-
perature with 5% skimmed milk in 1% PBS-Tween 20 and
incubated overnight with primary antibodies at 4°C (as per
suppliers’ recommendations). Secondary antibodies were
added at room temperature for 1h. Proteins were detected
using enhanced chemiluminescence (ECL) system.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as housekeeping protein.

3D morphogenesis assay

MDA-MB-231 cells were plated in 12-well plates as
described above. Equal number of colonies were counted
and scored for the number of spherical and stellate clusters to
assess morphology changes. A minimum of 10 fields per
well were imaged at 10X magnification. A colony was con-
sidered stellate if it displayed at least two extensions from
the center of the cluster as described by Talhouk et al.3!

RNA extraction and quantitative polymerase
chain reaction

Total RNA was extracted from MDA-MB-231 cells using
RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s instructions. In the 3D cultures, the pellet
was obtained as described above for cell counting. Reverse-
transcription polymerase chain reaction (RT-PCR) was per-
formed using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA). iQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA) was used to
conduct quantitative PCR (qPCR) in triplicates in a CFX96
Detection System (Bio-Rad), using the protocol and reaction
conditions suggested by the manufacturer and tested with
each primer pair for optimal temperature and concentration.
Data were analyzed using ACt method on Bio-Rad CFX
Manager Software version 62.1 (Qiagen, Vienna, Austria).
Products were amplified using primers for vimentin 5’AAG
GTG AAG GTC GGA GTC AAC3' (forward) and 5'GGT
TCC TTT AAG GGC ATC CAC3' (reverse) and GAPDH
5'AAG GTG AAG GTC GGA GTC AAC3' (forward) and 5’
GGG GTC ATT GAT GGC AAC AAT A3’ (reverse).

Invasion assay

Trans-well invasion assay was used as previously described.3!
In brief, six-well plates were fitted with inserts (8 wm pore
size) that have been coated with 400 wL of Matrigel-Media
0% fetal bovine serum (FBS) solution in a ratio of 1:3 or
1:20 (v/v). Enhanced green fluorescent protein (eGFP)-
transfected MDA-MB-231 cells were plated at a density of 8
X 10* cells per insert overnight to adhere. On day 1, treat-
ments were added as indicated, and the cells were incubated
for an additional 24 h and then fixed using 4% formaldehyde
in 1 X PBS for 20 min at room temperature. Cell inserts were
removed using a cotton swab and were then cut and mounted
on a microscopic slide using Vector labs hard-mount fluores-
cence media and examined by fluorescence microscopy.
Fluorescent cells that invaded across the Matrigel layer to
the other side of the membrane from 10 random fields per
well were counted. Data were collected from three independ-
ent experiments.

Cell cycle analysis

Cell cycle analysis was performed as previously described.3!
Briefly, on day 3, after treatment with either SCE or Aq frac-
tion at the indicated concentrations, MDA-MB-231 cells
were washed with 1X PBS, trypsinized and centrifuged at
200 g for Smin at 4°C. The pellet was fixed in ice cold 70%
ethanol and stored at —20°C overnight. The fixed cells were
then centrifuged, and the pellet was washed with 1X PBS to
which 150 pL of DNase free RNase A was added at a con-
centration of 0.2 mg/mL and kept at 37°C for 1.5 h. Samples
were then washed twice with 1X PBS, resuspended in 420
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L of 1X PBS and stained (in the dark) with 30 wL of 2 mg/
mL propidium iodide. A total of 10,000 cells were then ana-
lyzed on FACScan (Becton Dickinson, San Jose, CA). Data
were collected from three independent experiments.

Interleukin-6, nitric oxide, and matrix
metalloproteinase 9—induced ET treatment

SCp2 mouse mammary epithelial cells (provided by Dr
Pierre Desprez, Geraldine Brush Cancer Research Institute,
San Francisco, CA) were maintained and induced by a non-
toxic dose (10 pg/mL) of bacterial ET to induce inflamma-
tion as previously described.3>33 SCp2 cells were grown to
80% confluency after which ET (10 pg/mL) was added
30min after SCE and Aq treatments were applied and sam-
ples were collected 24 h post ET treatment.

Immunoassay of interleukin-6. Interleukin-6 (IL-6) secretion
was measured in duplicates by enzyme-linked immunosorb-
ent assay (ELISA) according to the manufacturer’s protocol
(Max Deluxe set mouse IL-6; BioLegend, San Diego, CA)
and similar to what was described in Maalouf et al.3* The
average of secreted IL-6 (pg/mL) in conditioned media from
three independent experiments = standard deviation (SD)
was calculated based on a known standard of IL-6.

Griess reaction assay for nitric oxide. Nitric oxide (NO) was quan-
tified by measuring nitrite using a Griess Reagent Kit according
to the manufacturer’s protocol (Molecular Probes, Eugene, OR)
and similar to Maalouf et al.33 Samples were assayed in dupli-
cates and an average concentration (M) in conditioned media
of NO, is shown from three independent experiments = SD.

SDS-substrate gel electrophoresis (zymography). Gelatinase
activity in conditioned media of ET-induced SCp2 cells was
assayed by zymography and visualized as clear white bands
on darkly stained blue gels as described earlier.>* Represent-
ative zymogram of matrix metalloproteinase 9 (MMP9) is
illustrated as a negative image.

ET-induced IL-1(3

THP-1 (purchased from the ATCC (American Type Culture
Collection)) human monocytic cell line was maintained in
RPMI (Roswell Park Memorial Institute) supplemented with
15 mM HEPES, L-glutamine, 1% Pen Strep, and 10% FBS at
37°C (95% air; 5% CO,). For differentiation, 100ng/mL
PMA was added for 48 h. Inflammation in THP-1 cells was
induced by application of a nontoxic dose (1 pg/mL) of ET in
0% FBS-RPMI. THP-1 cells were plated at 5 X 103 cells/well
in 12-well plates and differentiated as mentioned above. Cells
were then washed with 1 X PBS and placed in growth medium
for 24 h. SCE and Aq treatments were then added to the cul-
tured cells 30 min before ET. Media was collected 24 h post
ET-treatment for IL-1f quantification using ELISA (Max
Deluxe Set Human IL-1(3, BioLegend).

Statistical analysis

Statistical comparisons were performed using paired t-test for
comparison of two groups, whereas one-way analysis of vari-
ance (ANOVA) was used for three or more groups. p-values
less than 0.05 were considered significant. Results are presented
as means * standard error (SE) unless otherwise indicated.

Results

SCE and partially purified Aq fraction decrease
MDA-MB-231 cell count, alter cellular
morphology in 3D cultures of MDA-MB-23 1, and
arrest cells in the S-phase of the cell cycle

To test whether SCE or any of the sequential fractions possess
anti-proliferative bioactivity, MDA-MB- 231 cell count using
trypan blue exclusion assay was performed. Treatment up to
3days in 2D culture revealed that SCE significantly reduced
the proliferation of MDA-MB-231 with no apparent cytotoxic
effect. SCE treatment at concentrations of 1, 2, and 3 mg/mL
decreased cellular proliferation at day 3 by 25%, 55%, and
70%, respectively, compared to control and sham treated cells
(Figure 1(a)). PE, CHCl,, EtAc, and BuOH treatments were
either ineffective at concentrations up to 1.5, 2, 0.5, and
1.5mg/mL, respectively, (Figure 1(b)—(e)), or cytotoxic at
higher doses in the case of PE and EtAc fractions. In contrast
to the narrow margin between the ineffective and cytotoxic
concentrations of the above extracts, a dose-dependent growth
inhibitory effect was noted in the Aq fraction, suggesting that
the inhibitory activity noted in SCE (Figure 1(a)) was retained
in the Aq fraction (Figure 1(f)). The Aq fraction, like SCE,
significantly reduced the proliferation of MDA-MB-231 cells
over a period of 3 days in 2D cultures with no cytotoxic effect.
Cell counts showed a decrease by 50%, 60%, and 80% at 2, 4,
and 6 mg/mL, respectively, of Aq treatment by day 3 (Figure
1(f)). No significant cell death (=10%) was noted across all
conditions for SCE and Aq treatments.

The noted inhibition in proliferation of MDA-MB-231
cells after SCE treatment (3 mg/mL) was accompanied by an
arrest in the S-phase of the cell cycle. A 140% increase of
cells in the S-phase was observed compared to the control by
day 3 (Figure 2(a) and (b)). Analysis of the cell cycle progres-
sion of Ag-treated MDA-MB-231 cells in 2D cultures was
also performed. A similar pattern to SCE treatment was noted.
Compared to the control, 30% and 40% more cells accumu-
lated in the S-phase of the cell cycle when treated with Aq
fraction at 4 and 6 mg/mL, respectively, by day 3 in culture. A
significant decrease in the percentage of cells in the G2/M
phase was also noted at 4 and 6 mg/mL (Figure 2(c) and (d)).

In 3D cultures, SCE treatment at 2mg/mL showed no
effect, while a 30% and 60% decrease in proliferation was
observed by day 5 at concentrations of 4 and 6 mg/mL,
respectively (Figure 3(a)). Similarly, Aq fraction treatment
showed a 40% and 60% decrease in 3D proliferation by day
5 at 6 and 9 mg/mL, respectively (Figure 3(b)).
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Figure |. Effect of sea cucumber extract (SCE) and isolated organic fractions on the proliferation of MDA-MB-231 in 2D cultures.

Cell count via trypan blue exclusion showed (a) 50% and 60% decrease in cell counts by day 3 at SCE concentrations of 2 and 3 mg/mL,
respectively, with no significant cell death (<10%) across all conditions. (b) Petroleum ether (PE) fraction did not affect cell proliferation
at | and [.5mg/mL and was cytotoxic at 2mg/mL. (c) Chloroform (CHCI;) fraction did not inhibit proliferation up to 2mg/mL. (d) Ethyl
acetate (EtAc) fraction did not inhibit proliferation up to 0.5mg/mL and was cytotoxic on cells at 1.5 mg/mL. (e) n-Butanol (BuOH)
fraction showed no effect on proliferation up to I.5mg/mL. (f) Aqueous (Aq) concentrations of 2, 4, and 6 mg/mL showed 50%, 60%, and
80% decrease in cell counts by day 3, respectively. Statistical analysis from three independent experiments revealed significant differences
represented by (**¥) asterisks for p <<0.001, (**) asterisks for p<<0.01, and (¥) asterisk for p <0.05.

The anti-proliferative bioactivity detected in SCE and the
Aq fraction altered cell growth behavior in 2D and 3D cultures.
Treated cells grew at a slower rate in 2D conditions with no
observed morphological changes by day 3 among control,
SCE, and Ag-treated MDA-MB-231 at 3 and 6 mg/mL, respec-
tively (Figure 4(a) left panels). On the contrary, SCE and Aq
treatments in 3D cultures reduced stellate outgrowths (white
arrows) by more than 60% and increased the abundance of
spherical colonies (white arrow heads) when compared to con-
trol cultures at a concentration of 6 and 9 mg/mL, respectively,
by day 5 (Figure 4(a) right panels and Figure 4(b)).

SCE and Aq treatments inhibit trans-well invasion
of MDA-MB-23 |

A previous study from our laboratory3! showed that eGFP-
transfected MDA-MB-231 cells act identically to untrans-
fected ones, whether at the level of proliferation, morphology,

or invasion through Matrigel-coated inserts, among other
tested parameters.

Cell scoring for eGFP-labeled cells that invaded through
the Matrigel-coated well (diluted 1:3) showed that SCE and
Aq treatments inhibited the invasion of these cells by 30%
across all tested conditions (Figure 5(a) and (b)). In 1:20
diluted Matrigel-coated wells, the Aq fraction showed a
70% decrease in invasion compared to untreated cells
(Supplemental Figure 1).

SCE and Aq treatments decrease the expression
of vimentin and N-cadherin of MDA- MB-23 |

qRT-PCR data showed that SCE and Aq treatments decreased
the transcript levels of vimentin in 2D and 3D cultures (Figure
6(a) and (b)). Furthermore, western blot analysis of total cel-
lular extracts showed that both SCE and Aq treatments sig-
nificantly repressed the expression of both mesenchymal
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Figure 2. Effect of SCE and Aq fractions on cell cycle progression of MDA-MB-231. (a) Fluorescence histogram plots showing cell
counts (Y-axis) versus fluorescence intensity (X-axis) with circles demonstrating the amount of cells in the S-phase in both control
(cntrl) and treated conditions and a table showing percentages of cells in pre-Gl, GO/GI, S, and G2/M phases of the cell cycle (left part)
and percentages normalized to the control (cntrl), 3 days post SCE treatment (right part). (b) Percentage of cells in different phases of
the cell cycle, normalized to cntrl, on day 3 after treatment. SCE delayed the cell cycle by inducing a 140% increase in the number of
cells trapped in the S-phase compared to the cntrl at a concentration of 3 mg/mL. (c) Fluorescence histogram plots and a table showing
percentages of cells in pre-Gl, GO/GI, S, and G2/M phases of the cell cycle (left part) and percentages normalized to the cntrl, 3 days
post Aq treatment (right part). (d) Percentage of cells in GO/GI, S, and G2/M phases normalized to cntrl, day 3 post treatment; Aq
concentration of 6 mg/mL delayed the cell cycle by increasing the percentage of cells trapped in the S-phase compared to the cntrl by
more than 30%. Statistical analysis from three independent experiments revealed significant differences represented by, (***) asterisks

for p<0.001, (**) asterisks for p<<0.01, and (¥) asterisk for p <0.05.

markers, vimentin (Figure 6(c)) and N-cadherin (Figure 6(d))
in 3D cultures.

Effect of SCE and Aq fractions on ET-induced
IL-6, NO, and MMP9 in SCp2 cells and on ET-
induced IL-13 in PMA-activated THP-1 cells

We further tested whether SCE and Aq fractions exhibit anti-
inflammatory effects in ET-treated mouse mammary epithelial
SCp2 cell culture model previously reported by Safieh-
Garabedian et al.3* The Aq fraction, at a noncytotoxic

concentration of 10mg/mL, reduced the levels of secreted
IL-6 by about 60% (Figure 7(a) left panel), NO by 50%
(Figure 7(b) left panel), and MMP9 by approximately 30%
(Figure 7(c) left panel). The effect of the Aq fraction on
ET-induced IL-13 in PMA-activated THP-1 cells showed that
Aq treatment reduced the level of ET-induced IL-13 secreted
from PMA-activated THP-1 cells by 60% at a concentration
of 10mg/mL (Figure 7(d) left panel). Similar to the MDA
results where SCE-noted bioactivities were comparable to Aq
bioactivities, when the latter was used at twice the concentra-
tion of the former, anti-inflammatory acitivities noted in the
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Aq fraction, at 10mg/mL, were compared to SCE concentra-
tions at 5 mg/mL. Interestingly, the SCE treatment at this con-
centration did not show any reduction in the tested
anti-inflammatory mediators (Figure 7(a)—(d) right panels).

Discussion

The sea cucumber H. polii is the most abundant among sea
cucumbers in Lebanon and prominently inhabits the
Mediterranean.?>23 Among all classes of echinoderms, sea
cucumbers are the most extensively commercialized and
fished due to their high pharmacological and nutritious
value.’> Sea cucumbers, commonly called “béche-de-mer,”
have long been used in folk medicine in South-East Asia and
the Middle East against hypertension, asthma, rheumatism,
burns, and constipation, among other conditions.!3-
Extensive studies have been done on sea cucumber extracts
to identify potent bioactive compounds with possible

W Stellate O Spherical
(b) P

Day 3

% Clusters

% Clusters

% Clusters

Figure 4. Effect of SCE and Aq fractions on the growth morphology of MDA-MB-231. (a) Representative phase contrast images of cntrl
and treated (SCE: 3 mg/mL and Aq: 6 mg/mL) cells at day 3 in 2D cultures (left panel) and at day 5 of cntrl and treated (SCE: 6 mg/mL and
Aq: 9mg/mL) in 3D cultures (right panel). White arrows indicate stellate aggregates and white arrow heads point to spherical colonies.
(b) Histogram analysis of the percentages of stellate versus spherical clusters on days 3, 4, and 5 post SCE and Aq treatments; both SCE
and Aq fractions increased spherical formation and reduced stellate outgrowths by more than 60% at 6 and 9 mg/mL on day 5 of culture,
respectively. Scale bars (in black) =100 wm. Statistical analysis from three independent experiments revealed significant differences
represented by (**¥) asterisks for p<0.001, (*¥) asterisks for p<<0.01, and (¥) asterisk for p <0.05.
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Figure 5. Effect of SCE and Aq fractions on trans-well invasion potential of MDA-MB-231. (a) Fluorescent images of cntrl, SCE, and Aqg-
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diluted |:3. Scale bars (in white) =200 um. Statistical analysis from three independent experiments revealed significant differences

represented by (*) asterisks for p<0.05.

anti-inflammatory, immunostimulatory, and anti-cancer
properties, yet, very few studies have been conducted to
identify bioactivities from H. polii. Given that sea cucum-
bers offer a large repertoire of bioactive compounds, !3-33-37-40
this study is among the first to partially characterize water-
soluble bioactive molecules extracted from H. polii.

To investigate whether H. polii harbors any compound(s)
with anti-cancer effects, SCE was prepared according to estab-
lished methodologies for extracting molecules from sea
cucumbers and in line with the majority of studies addressing
biomass extraction with solvent systems using sea cucum-
bers.#1-46 Treatment with SCE decreased cellular proliferation
of MDA-MB-231 cells in a dose-dependent manner on day 3
in 2D cultures without affecting viability. Subsequent sequen-
tial gradient partitioning in four organic solvents (PE, CHCI3,
EtAc, and BuOH) with increasing polarity yielded four organic
and one Aq fraction. None of the organic fractions, at the con-
centrations tested, maintained the anti-proliferative activity
from SCE, yet, the Aq fraction retained it. Contrary to our
study, most bioactivities extracted from sea cucumbers resided
in the BuOH fraction and were attributed to triterpene glyco-
sides such as frondoside A,'# Holothurin A1,*” and Philinopsides
A and E,* whereas in this study, the noted bioactivity in H.
polii resided in the Aq fraction. None of the organic fractions
inhibited the proliferation of MDA-MB-231 cells at the tested
concentrations. Actually, higher concentrations of the PE and

EtAc fractions were cytotoxic, whereas CHCl; and BuOH
fractions were used at the highest available concentrations
derived from the adopted fractionation procedure.?
Nevertheless, these results do not necessarily rule out the pos-
sibility of the latter two fractions containing a biological activ-
ity per se. The observed cytotoxic effects in PE and EtAc
fractions do not seem to correlate with the dose-dependent
growth inhibitory activity in SCE whereby the inhibition was
mediated with minimal cytotoxicity, not exceeding 10% at the
highest SCE concentration. Another study of three Malaysian
sea cucumbers (Holothuria scabra, Holothuria leucospilota,
and Stichopus chloronotus) showed that all organic fractions
were able to inhibit the proliferation of A549 non-small cell
lung cancer cells and C33 A cervical cancer cells while only the
Aq fraction from S. chloronotus was shown to have anti-prolif-
erative activity.*® Preliminary data in our laboratory also show
that SCE and Aq fractions inhibit the proliferation of colorectal
adenocarcinoma and prostate cancer cells (data not shown).

As opposed to the organic fractions, the Aq fraction treat-
ment, similar to SCE treatment, decreased cellular prolifera-
tion of MDA-MB-231 cells by 50%, 60%, and 80% at 2, 4,
and 6 mg/mL, respectively, in 2D cultures, with no signifi-
cant cytotoxicity.

This anti-proliferative activity provoked by Aq treatment
was accompanied by an arrest of cells in the S-phase and a
subsequent shortening in G2/M phase. This is in contrast to
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Figure 6. Effect of SCE and Aq treatments on mRNA and protein expression of some EMT markers in 2D and 3D cultures of MDA-
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(c) Western blot showing the protein expression of vimentin in cntrl versus SCE/Aq-treated lysates from 3D cultures, with the
corresponding densitometric quantification represented in bar diagrams. (d) Western blot showing the protein expression of N-cadherin
in cntrl versus SCE/Aq-treated lysates from 3D cultures, with the corresponding densitometric quantification represented in bar
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the S-phase delay observed after SCE treatment, which was
associated with a decrease in both G2/M and GO/G1 phases,
albeit insignificant in the latter. This decrease in GO/G1 phase
could be accounted for due to the complex and crude nature of

the SCE extract. Similar patterns have been observed in the
polar fraction of Frondanol A (Frondanol A5P), a glycolipid
extracted from the edible sea cucumber Cucumaria frondosa,
from the North Atlantic. In contrast to Frondanol A, Frondanol
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ASP induced only a G2/M arrest compared to a dual S and
G2/M arrest noted after Frondanol A treatment in human pan-
creatic cancer cells, AsPC-1 and S2013.4°

Treatment with SCE and Aq fractions also decreased cel-
lular proliferation of MDA-MB-231 cells in 3D cultures; how-
ever, higher concentrations (1.5- to 2-fold compared to that
needed in 2D cultures) of SCE and Aq fractions were required
to achieve comparable inhibitory effects. This difference
could be ascribed to the nonspecific binding of the Matrigel to
bioactive components in the SCE or Aq fractions. In fact, stud-
ies on 37 different tumor cell lines treated with 9 chemothera-
peutic compounds showed a higher sensitivity of cells to
almost all treatments when cultured on flat 2D matrices com-
paredto 3D cultures.>? SCE and Aq treatments of MDA-MB23 1
cells in 3D cultures resulted in a culture that consists predomi-
nantly of spherical clusters over the typical MDA-MB-231
stellate morphology with protruding outgrowth.3! This change
in morphology has also been reported in the poorly differenti-
ated Hs578 T breast cancer cell line, in 3D cultures on Matrigel,
when treated with geodiamolide H, a depsipeptide isolated
from the marine sponge Geodia corticostylifera.’! This was
accompanied by an inhibition in cellular motility and invasion
and was shown by confocal images to be coupled with a par-
tial acquisition of a polarized phenotype, as monitored by the
apical orientation of Golgi apparatus, similar to what was
observed in normal human breast cells MCF-10A.52 The mor-
phogenic reversion from stellate into spherical clustering
noted in our study, along with the inhibition in trans-well inva-
sion, suggests that SCE holds potential compound(s) that are
retained in the Aq fraction, which are able to partially revert
the mesenchymal phenotype in MDA-MB-231 cells. As for
the enhanced inhibition detected in invasion between different
Matrigel dilutions, more cells were able to pass through the
more diluted (1:20) Matrigel as compared to the less diluted
(1:3) one. As a result, the data observed (Supplemental Figure
1) across the more diluted Matrigel (70%) better correlate with
the enrichment of the less aggressive spherical phenotype
(60%) observed in Figure 4. This result goes in line with pre-
vious studies measuring the invasive potential of tumor cells
across different Matrigel dilutions, where the percentage of
Hs242/3T3,T24/3T3,3T3, and MRC-5 cells that invaded the
Matrigel was inversely proportional to the matrix amount
being used. Moreover, the proper amount of Matrigel used
played an important role in representing the true invasive abil-
ity of each cell line.>? This inhibition in invasion potential of
MDA-MB-231 cells was corroborated by the fact that the
expression of both vimentin and N-cadherin decreased in
treated cells. Similarly, MMP9 was negatively affected by Aq
treatment (Figure 7(c)), suggesting a potential role of the SCE
and Aq fractions in inducing a mesenchymal epithelial transi-
tion (MET). Interestingly, N-cadherin was shown to enhance
the metastatic phenotype of cancer cells by promoting cellular
motility and invasion through cooperation with fibroblast
growth factor receptor (FGFR), leading to an increase in the
expression of MMP9.5455 When transfected in the weakly

metastatic MCF-7 breast cancer cells, N-cadherin expressing
cells exhibited increased migratory and invasive abilities, ele-
vated MMP9 secretion, and increased in vivo metastases to
the liver, pancreas, salivary gland, omentum, lung, lymph
nodes, and lumbar spinal muscle.’® In addition, N-cadherin
caused FGFR up-modulation, resulting in EMT and stem/
progenitor-like properties involving Snail and Slug upregula-
tion and mammosphere formation in MMTV-Neu mice.>’
With the extensive literature documenting the overlap of
cellular pathways in cancer progression and chronic inflam-
mation,>® we assessed the ability of the crude and the partially
purified Aq fraction to modulate inflammatory phenotypes in
already established inflammatory models. ET-induced IL-6,
NO, and MMP9 are all common mediators of cancer and
inflammation,335% and markers of dedifferentiation.31-34:60 The
Aq fraction reduced the levels of IL-6, NO, and MMP9 from
ET-induced SCp2 cells and the ET-induced IL-1 levels from
PMA-activated THP-1 cells, whereas SCE did not at the
tested concentrations. The noted decrease in inflammatory
mediators after Aq treatment is likely regulated by NFkB as
we have demonstrated in earlier studies on SCp2 cells and
their parent strain, CID-9 cells,?3-4 treated with ET. Whether
the Aq fraction is capable of fully reverting the differentiation
phenotype, marked by casein expression,3* requires further
studies. While SCE decreased the proliferation of SCp2 cells,
albeit only by 35% at 10 mg/mL on day 4 of culture, this inhi-
bition in proliferation was totally reversible and achieved
growth rates comparable to untreated cells, 24 h after treat-
ment washout (Supplemental Figure 2). This suggests that the
anti-proliferative effect of SCE, and possibly that of the Aq
fraction, is reversible and does not cause damage to the cells.
The bioactivities noted in the Aq fraction could be attributed
to one or more water-soluble compound. Although extracts and
isolated molecules of an Aq nature tend to have better bioavail-
ability, especially those with low molecular weights,%! purifying
such molecules by “aqueous workup” proved challenging due
to poor partitioning and is largely difficult.®? Accordingly, more
efficient extraction techniques for marine-derived compounds
of similar nature were developed.®*-%5 In light of the above, one
of main the limitations of this study is that we have yet to over-
come these purification difficulties and identify the active
substance(s) and its structure. Nevertheless, preliminary data
suggest that the Aq fraction is stable for several months at
—20°C and can withstand several freeze and thaw cycles. In
addition, the proposed molecular weight is more than 3 kDa and
less than 20 kDa, as the activity was retained on Amicon™ ultra
filter tubes (3 kDa cutoff; EMD Millipore Amicon Ultra-0.5
Centrifugal Filter; Merck, Darmstadt, Germany) and a
Sephadex® LH-20 column (20 kDa cutoff; Amersham
Biosciences, Buckinghamshire, England) (data not shown).

Conclusion

This study is the first to provide evidence that H. polii
holds potential anti-proliferative and anti-inflammatory
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compound(s) that is/are of small molecular weight and is/
are water soluble. Further studies are needed to purify and
characterize the noted bioactivity.
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