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ABSTRACT

Hepatocellular carcinoma (HCC) is an aggressive cancer histotype and one of the most common types of cancer
worldwide. The identification of compounds that might intervene to restrain neoplastic cell growth appears imper-
ative due to its elevated overall mortality. The marine environment represents a reservoir rich in bioactive com-
pounds in terms of primary and secondary metabolites produced by aquatic animals, mainly invertebrates. In the
present study, we determined whether the water-soluble cell-free extract of the coelomic fluid (CFE) of the edible
sea cucumber Holothuria tubulosa could play an anti-HCC role in vitro by analyzing the viability and locomotory
behavior, cell cycle distribution, apoptosis and autophagy modulation, mitochondrial function and cell redox state
of HepG2 HCC cells. We showed that CFE causes an early block in the cell cycle at the G2/M phase, which is
coupled to oxidative stress promotion, autophagosome depletion and mitochondrial dysfunction ultimately leading
to apoptotic death. We also performed a proteomic analysis of CFE identifying a number of proteins that are
seemingly responsible for anti-cancer effects. In conclusion, H. tubulosa’s CFE merits further investigation to
develop novel promising anti-HCC prevention and/or treatment agents and also beneficial supplements for formu-
lation of functional foods and food packaging material.

Keywords: Hepatocellular carcinoma, invertebrate, echinoderm, cell behavior, protein profile

INTRODUCTION cancer worldwide and the fourth leading
cause of cancer-related lethality in the recent
years (Suresh et al., 2020; Llovet et al., 2021).
Although there are multiple factors involved
in the development of HCC, it usually follows

Hepatocellular carcinoma (HCC) is an ag-
gressive cancer histotype accounting for
about 90 % of primary liver tumor cases and
is estimated as the sixth most common type of
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the onset of hepatic cirrhosis from any etiol-
ogy. Within this context, damaged hepato-
cytes are addressed to a chronic reparation
program based on a high turnover level which
ultimately results in the accumulation of ge-
netic alterations and in progressive cell de-
differentiation and modification of the hepatic
microenvironment, supporting cell oncogenic
transformation (Castelli et al., 2017). HCC
prognosis, which often gives rise to extensive
metastasis and displays an elevated recur-
rence rate after resection or ablation, is gener-
ally poor and the overall mortality to inci-
dence ratio is estimated to be close to one
(McGlynn et al., 2021). The advancement in
knowledge of deranged intracellular signal-
ling which leads to HCC development, has
prompted the identification of compounds
that might intervene on key aspects of the im-
paired pathways to inhibit neoplastic cell
growth (Kumari et al., 2018 and references
therein). However, an accurate biological
characterization of the molecular mechanism
of action of the agents under study is neces-
sary for the development of targeted thera-
pies.

The marine environment, which covers
three-quarters of the globe, is rich in extraor-
dinary biodiversity representing a resource of
bioindicator organisms and a reservoir of bio-
active compounds in terms of primary and
secondary metabolites produced by aquatic
animals (Chiaramonte et al., 2020; Inguglia et
al., 2020; Mauro et al., 2020a; Vazzana et al.,
2020a, b). Such molecules regulate very di-
verse biological activities to implement the
necessary adaptation mechanisms for survival
in strongly heterogeneous marine ecosystems
that are comprised of complex habitats fre-
quently exposed to extreme conditions. These
marine-derived natural products have been
shown to exert a wide range of therapeutic ef-
fects in humans, such as anti-microbial, anti-
oxidant, anti-cancer, anti-inflammatory,
wound healing and immunomodulatory ef-
fects, thereby interfering with the onset and
progress of numerous pathogenic diseases
(Senthilkumar and Kim, 2013; Lazzara et al.,
2019; Luparello et al., 2020a, b; Luparello,

2021). Based on the health benefits associated
with marine bioactives, today’s research is
also prominently directed to investigate their
potential utilization in food and supplement
industries (Boziaris, 2014; Suleria et al.,
2015; Mauro et al., 2020b; Punginelli, 2021).

Among the marine invertebrate species,
Holothurians (i.e. sea cucumbers) have been
the object of several studies owing to their cu-
rative, nutraceutical and food values which
are well-known from traditional folk medi-
cine in several Asian countries (e.g. Correia-
da-Silvaetal., 2017; Mauro et al., 2021). Hol-
othuria tubulosa, an edible sea cucumber spe-
cies that is widely distributed in the Mediter-
ranean sea including the coasts around Sicily,
has been an object of investigations owing to
the powerful anti-inflammatory activity of its
methanolic extracts, due, at least in part, to the
presence of fucoidan, and the anti-microbial
activity of peptides contained in its immune
cells, the coelomocytes (Herencia et al., 1998;
Schillaci etal., 2013; Zhu et al., 2021a). Some
research has also previously reported the anti-
breast cancer effect of the cell-free aqueous
extract of the coelomic fluid (CFE) obtained
from this echinoderm (Luparello et al.,
2019a). In the present study, we determined
whether the CFE of H. tubulosa could pro-
duce beneficial results against tumors of the
digestive apparatus, in particular playing an
anti-hepatocarcinoma role, thus representing
a novel potential anti-cancer agent deserving
further in-depth investigation for functional
food purposes. The cell line HepG2, derived
from liver biopsies of a 15-year-old Cauca-
sian male with differentiated hepatocellular
carcinoma (Donato et al., 2015), was chosen
as the model system for this in vitro investi-
gation and the effect of the CFE on the viabil-
ity and locomotory behavior, cell cycle distri-
bution, apoptosis and autophagy modulation,
mitochondrial function and cell redox state
was tested. Here we report that CFE-treated
HepG2 cells are characterized by the inhibi-
tion of cell viability, the impairing of cell cy-
cle progress, motile behavior, mitochondrial
metabolism, reactive oxygen species (ROS)
production, and autophagic flux, and the onset
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of apoptotic death. In addition, the data ob-
tained from the proteomic analysis of the CFE
identified a number of proteins potentially re-
sponsible for the observed impairment of bio-
logical activity in HepG2 cells.

MATERIALS AND METHODS

Catching and maintaining of the animals

A sample of 60 healthy adults of H. tubu-
losa sea cucumbers (Figure 1), displaying a
length of 11 + 0.98 cm and a body weight of
46 £ 7.5 g, was fished in the Gulf of Palermo
(Sicily, Italy) at a depth of 5-10 m near a
grassland of Posidonia oceanica. The animals
were kept for acclimation in a constantly-aer-
ated aquarium filled with artificial sea water
(0425 M NaCl; 9 mM KCI; 9.3 mM
CaCl,-2H20; 0.0255 M MgS0O4-7H20; 0.023
M MgCl,-6H20; 2 mM NaHCOs; pH 8.0) at
15 £ 2 °C and fed with commercial inverte-
brate food (Algamac 3000, Aquafauna Bio-
Marine Inc., Hawthorne, CA, USA).

- =

>

Figure 1: A Holothuria tubulosa sea cucumber
specimen

Bleeding procedure and preparation of the
CFE

The CFE was prepared as described by
Luparello et al. (2019a). Briefly, the CF was
collected from the animals after making an in-
cision measuring 3-5 cm on the anterior-dor-
sal side using a scalpel. Samples were held at
4 °C before centrifugation at 1000 g for 10
min at 4 °C to remove coelomocytes. The
cell-free CFE was subsequently lyophilized in
an Alpha 2-4 LD plus freeze-dryer (Martin

Christ, Osterode am Harz, Germany). Ali-
quots of the samples were resuspended in a
minimum volume of sterile distilled water.
The CFE protein concentration was evaluated
in a Qubit 3.0 fluorometer using the Qubit
Protein Assay Kit (ThermoFisher, Waltham,
MA, USA) according to the manufacturer’s
instructions.

Proteomic analysis

The CFE samples were dissolved in
0.25 % RapiGest (Waters Co., Milford, MA,
USA) and passed through 10 kDa filters
(keeping the retentate) to remove the RIPA
buffer, and then the nominal protein concen-
tration was measured for each sample using a
NanoDrop 2000 UV-VIS spectrophotometer
(ThermoFisher). Ten pg of each sample were
reduced using RapiGest and dithiothreitol
(ThermoFisher), and subsequently alkylated
using iodoacetic acid (ThermoFisher) in 25
mM ammonium bicarbonate buffer (Ther-
moFisher). Samples were digested in-solution
using LysC-trypsin (Mass Spec grade,
Promega, Madison, WI, USA) at a 1:100 ra-
tio, then trypsin at a 1:25 ratio. Proteolysis
was stopped by adding formic acid (Ther-
moFisher), and the samples were dried down
and cleaned-up using C18 spin columns
(Thermo Scientific Sunnyvale, CA, USA) ac-
cording to the manufacturer’s protocol. The
cleaned peptide extracts were dried down and
stored at -20 °C until analysis.

Aliquots of 1 pg of the tryptic digests
were analysed using a Dionex Ultimate 3000
nanoRSLC (Dionex, Sunnyvale, CA, USA)
coupled to a Bruker Maxis 11 ETD mass spec-
trometer (Bruker Daltonics GmbH, Bremen,
Germany) via CaptiveSpray nanobooster ion
source. The samples were desalted by 0.1 %
trifluoroacetic acid at a flow rate of 5 pL/min
for 8 minutes using an Acclaim PepMap100
C-18 trap column (100 pm x 20 mm, Thermo
Scientific). The peptides eluting from the pre-
column were separated on an ACQUITY
UPLC M-Class Peptide BEH C18 column
(130 A, 1.7 pm, 75 pm x 250 mm, Waters) at
a 300 nL/min flow rate and 48 °C column
temperature using a linear gradient from 4 %
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B to 50 % B in 120 minutes. Solvent A was
0.1 % formic acid, and solvent B was acetoni-
trile with 0.1 % formic acid. The cycle time
for data-dependent acquisition, was 2.5 s. MS
spectra were acquired at 3 Hz, while MS/MS
spectra were acquired at 4 or 16 Hz, depend-
ing on the intensity of the precursor ion. Sin-
gly charged ions were excluded from the anal-
ysis.

The proteins were first identified by
searching against the Uniprot Aechinoder-
mata (downloaded: 07/03/2020) database us-
ing the Byonic software search engine
(v3.8.13, Protein Metrics Inc, San Carlos, CA,
USA) with the following parameters: 1 %
FDR, 20 ppm peptide mass tolerance, 30 ppm
fragment mass tolerance, 2 missed cleavages,
trypsin as enzyme, carbamidomethylation of
cysteines as fixed modification and following
variable modifications (Oxidation/
+15.994915 @ M, Deamidated/+0.984016 @
N, Deamidated/+0.984016 @ Q, GIn->pyro-
Glu/-17.026549 @ NTerm Q, Glu->pyro-
Glu/ -18.010565 @ NTerm E). Protein hits
were filtered by Scaffold (version 4.11, Pro-
teome Software, Inc., USA) using the same
parameters stated above in addition to the fol-
lowing parameters: Protein Grouping Strat-
egy: Experiment-wide grouping with protein
cluster analysis, Peptide Thresholds: 95.0 %
minimum, Protein Thresholds: 1 % FDR and
2 peptides minimum. Subsequently, protein
identification was also performed by BlastP
comparison to non-redundant protein se-
guence and model organism databases (avail-
able at
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAG
E=Proteins; accessed in May 2021). An ex-
pected value < 1 was set as cutoff.

Cell culture

The HepG2 HCC cell line was routinely
grown in a high glucose-DMEM medium
supplemented with 10 % fetal calf serum
(Life Technologies, Carlsbad, CA/USA) and
antibiotics (100 U/mL penicillin and 100
ug/mL streptomycin; Life Technologies), at
37 °Cin a5 % CO, atmosphere.

MTT assay

As an indicator of cytotoxicity, an MTT
assay was used to measure cellular activity as
reported by Longo et al. (2015). Briefly, ex-
ponentially-growing HepG2 cells were
seeded in 96-well plates at a concentration of
5500 cells/well and, after overnight adhesion,
treatments with different concentrations of
CF extract were applied for either 24 or 48 h.
After the addition of MTT and cell solubiliza-
tion, the absorbance of the dissolved forma-
zan was measured in an automated microplate
reader at a wavelength of 550 nm. The half
maximal inhibitory concentrations (ICso)
were evaluated with the Quest Graph ICs cal-
culator (available online: https://www.aat-
bio.com/tools/ic50-calculator; accessed on
21% June 2021) on the basis of the cell viabil-
ity ratio between treated and control cells. The
subsequent biological assays were performed
with CF extracts at the ICsq achieved at 24
(IC5024) and 48 h (ICs048), unless otherwise
indicated.

Wound healing assay

The scratch/wound healing assay is com-
monly used to examine the modulation of cell
locomotory ability in vitro (Luparello et al.,
2020a). This experiment was performed as
described by Nelson et al. (2014). Briefly,
HepG2 cells were seeded in 6-well plates and,
once sub-confluent, the monolayer was
scraped three times in parallel with a 200 pL
pipette tip and a perpendicular line was drawn
with a permanent marker. The culture me-
dium was replaced with either plain medium
(control) or medium containing CF extracts at
IC5024 or at a lesser concentration, i.e. 5
ug/mL, as reported for the evaluation of the
wound healing potential of the CF from As-
tropecten indicus sea star on human lung car-
cinoma cells (Baveja et al., 2018). Selected
sites of intersection between the scratched
monolayer and the drawn line were photo-
graphed under a phase-contrast microscope at
time intervals up to 24 h from the start of the
assay. Wound healing area measurements
were performed on the acquired images using
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the ImageJ/Fiji® plug-in developed by Sua-
rez-Arnedo et al. (2020).

Flow cytometry

For each analysis, three independent flow
cytometric assays were performed on treated
and control cells as previously described (Lu-
parello et al., 2019a, b, 2020c), using a
FACSCanto instrument (BD Biosciences,
Franklin Lakes, NJ, USA). Ten thousand
events were assessed and the obtained data
were analyzed with the Floreada analysis tool
available at https://floreada.io (accessed in
May 2021). Gating in the FSC vs. SSC plot
was performed to exclude debris, which dis-
played low FSC values, whereas gating in the
FSC-H vs. FSC-A plot was performed to ex-
clude doublets and multiplets in cell cycle
analyses.

Cell cycle analysis

For the evaluation of cycle phase distribu-
tion, cells were fixed with cold 70 % ethanol,
treated with 40 ng RNase A/mL, and stained
with 20 pg propidium iodide/mL.

Apoptosis analysis

As a hallmark of apoptosis onset, the ex-
ternalization of phosphatidylserine was eval-
uated with the Annexin V-FITC kit (Miltenyi
Biotec, Bergisch Gladbach, Germany) ac-
cording to the manufacturer’s instructions.

Transmembrane mitochondrial potential

(MMP) analysis
The MMP was checked using the JC1 dye
(Molecular Probes, Eugene, OR, USA)

(Librizzi et al., 2012), which exhibits poten-
tial-dependent accumulation in intact mito-
chondria where the compound undergoes a
fluorescence emission shift from green (~529
nm) to red (~590 nm). Thus, in the case of dis-
sipation of MMP, a decrease in the red/green
fluorescence intensity ratio can be observed.
As a positive control, cells were treated with
1 uM valinomycin, a mitochondria-depolariz-
ing K* ionophore.

Reactive oxygen species (ROS) production
analysis

The production of ROS was evaluated us-
ing the ROS Detection Assay Kit (Canvax Bi-
otech, Cordoba, Spain) which contains the
cell-permeant reagent dichlorodihydrofluo-
rescein diacetate (H.DCFDA), an indicator of
reactive oxygen intermediates such as COO-
and ONOO-, that becomes fluorescent when
oxidized, following the manufacturer’s in-
structions.

Acidic vesicular organelle (AVO) accumula-
tion analysis

Double membrane-AVOs are typically
developed by cells undergoing autophagy
(Murugan and Amaravadi, 2016; Luparello,
2021). Changes in intracellular AVO accumu-
lation were checked by staining with acridine
orange, a green fluorescent dye that, once
taken up by acidic vesicles and protonated,
forms aggregates that show red fluorescence.
For this purpose, flow cytometric analysis
was performed on the control and treated cells
stained with 100 pg acridine orange/mL
(Sigma) for 20 min in the dark after fixation
with cold 70 % ethanol.

Statistical analysis

Data were analyzed with analysis of vari-
ance (ANOVA) using SigmaPlot 11.0 soft-
ware (SYSTAT, San Jose, CA, USA). A p-
value < 0.05 was considered statistically sig-
nificant.

RESULTS

CFE inhibits HepG2 cell viability and
affects cell cycle progress

In the first set of experiments, we checked
the effect of dose- and time-dependent incu-
bation with the aqueous CFE from H. tubu-
losa on HepG2 cell viability via an MTT as-
say. As shown in Figure 2, the number of
CFE-treated viable cells decreased in a pro-
tein concentration-dependent manner both af-
ter 24 and 48 h exposures with an average
ICs024 and 1Cs5048 of 20.75 and 16.5 pg/mL,
respectively. Once the cytotoxic potential of
the preparation was confirmed, all subsequent
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assays aimed to reveal more detailed data on
the biological mechanism of CFE-induced
perturbations were carried out by exposing
HepG2 cells at the I1Cs024 and 1C5048 of the
CFE.
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Figure 2: Dose-response effect of CFE from H. tu-
bulosa at 2.5, 5, 10 and 15 pug/ml concentration on
the viability of HepG2 cells after either 24 (brown
circles) or 48 h (green circles) of exposure. Error
bars correspond to the standard error of the mean
(s.e.m.) of three independent measurements. P
values comparing viability ratios to controls were
< 0.05 for every measurement.

Then, CFE-exposed HepG2 cells were
tested for the distribution of the cell popula-
tion in the cell cycle phases. As shown in Fig-
ure 3, 24 h of exposure to the 1Cs024 de-
creased the percentage of Go/G1 and S phase
cells (control vs. treated = 46.08 % vs.
18.35% and 17.2 vs. 8.85 %, respectively)
and increased the sub-Go population (control
vs. treated = 10.06 % vs. 48.61 %) suggesting
a restrained progression into a new cell cycle
after mitosis required to activate repair mech-
anisms or apoptosis and an accumulation of
cells with less bright or fragmented DNA, i.e.
necrotic or apoptotic. The additional impair-
ment of the G2/M phase fraction observed af-
ter 48 h of treatment with the 1C5048 of the
CFE (control vs. treated = 30.98 % vs.
17.33 %), the further decrease of the percent-
age of Go/Gy and S phase cells (control vs.
treated = 48.79 % vs. 12.67 % and 13.37 %
vs. 4.65 %, respectively) and the increase in
the percentage of cells in the sub-Go fraction
(control vs. treated = 6.72 % vs. 66.13 %) was
indicative of prominent cell cycle arrest and
cell death as a result of prolonged exposure.
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Figure 3: DNA profiles of control (blue line) and CFE-treated (red line) HepG2 cells after 24 and 48 h
of exposure to the 1Cs024 and ICs048 of the preparation, respectively. Cell cycle distribution is reported
in the annexed tables for both cell samples (mean + s.e.m. of three independent experiments).
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CFE increases the percentage of apoptotic
HepG2cells

To determine whether the observed im-
pairment of cell cycle progress could be at
least in part ascribed to an apoptosis-promot-
ing effect of the CFE on HepG2 cells, ex-
posed and control samples were assayed for
the externalization of phosphatidylserine us-
ing recombinant annexin-V conjugated to
green fluorescent FITC dye in conjunction
with propidium iodide (PI) as an indicator of
cell viability. As shown in Figure 4, the flow
cytometric data indicated that after 24 h of ex-
posure to the 1Cs024 of the CFE the proportion
of viable cells decreased from about 83 % of
the controls to about 48 %. In contrast, the
percentage of late apoptotic cells (annexin-
V*/PI") increased from about 14 % of the con-
trols to about 34 %, whereas that of early
apoptotic cells (annexin-V*/PI") increased
from about 1 % of the control to about 16 %.
This result is in line with the previous data re-
garding the amount of the sub-Go cell popula-
tion after 24 h of exposure to the CFE. No sig-
nificant difference was found between the
control and annexin-V°/PI" cells, commonly
regarded as the necrotic population.

CFE provokes the dissipation of MMP and
the initial up-regulation of ROS in HepG2
cells

Extensive damage to the mitochondria
may lead cells to apoptotic death (Ly et al.,
2003). However, a strong positive correlation
was observed between the MMP and the pro-
duction of ROS which are known to act as sig-
naling molecules in a plethora of intracellular
pathways regulating both cell survival/prolif-
eration and cell death (Zhang et al., 2016; Gao
et al., 2020). To detect variation of MMP in
CFE-exposed HepG2 cells we used the mito-
chondria-selective JC1 probe and evaluated
the quantity of cells with bright green/bright
red emission (endowed with intact MMP) and
those with bright green/dim red emission (af-
fected by MMP collapse) in control and
treated preparations. CFE caused the dissipa-
tion of MMP. In particular, as shown in Fig-
ure 5, the percentage of dim red-emitting cells
increased from about 27 and 25 % of the con-
trols to about 58 and 98 % in cells incubated
with 1Cs5024 CFE for 24 h and 1Cs048 CFE for
48 h, respectively. In the latter case, this pro-
portion was very similar to that of the valino-
mycin-exposed positive control.
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10° | 1
T i 4
. £
g ] : 1
=
o n
gu:r*_ _ TEEE o 4 . :
@ 0.87 +-0.27%. ., ; |izi® 1416 +/- 0.15% | 0.45 +/- 0.12% " -
Q T T ™
g . I-%:?“
s .. i
= 5 1 3
= s R i - i
= 034 =y e Pl
o © - Iﬁ;:—- &?ﬁ

0 K re 119 +/- 0.26% = 48.76 +f— 4 ?’2% 16.44 +/- 3.38%
0 ll'_.l-q ll'_.l' S Ié= L l"la |'£:
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Figure 4: Flow cytometric assays for apoptosis in HepG2 cells cultured in control conditions or exposed
to CFE ICs024 for 24 h. The plots show the results of representative experiments and the percentages,
indicated as the mean * s.e.m. of three independent experiments, refer to viable annexin-V-/PI- cells
(bottom left quadrant), early apoptotic annexin-V*/PI- cells (bottom right quadrant), late apoptotic an-
nexin-V*/PI* cells (top right quadrant) and necrotic annexin-V-/PI* cells (top left quadrant).
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Figure 5: Flow cytometric assays for MMP in HepG2 cells cultured for 24 or 48 h in control conditions,
in the presence of 1 uM valinomycin, and of either CFE 1Cs024 or CFE 1Cs048. The plots show the results
of representative experiments and the percentages in the bottom quadrants of each frame, indicated as
the mean * s.e.m. of three independent experiments, are referred to dim red-emitting cells that under-

went MMP dissipation.

The ability of the CFE to affect mitochon-
drial metabolism was also determined by
evaluating the accumulation of ROS. To de-
tect variation in ROS production in CFE-ex-
posed HepG2 cells we used the H.DCFDA
probe and evaluated its oxidation to green-
emitting DCF by various peroxide-like and
nitric oxide-derived reactive molecules. In
each sample, the flow cytometric data re-
vealed the presence of two distinct cell sub-
populations endowed with low (ROS’) and
high rates (ROS") of ROS generation. The
mean fluorescence intensity (MFI) values of
the events associated with the ROS™ subpop-
ulations were recorded to compare their rates
in the different experimental conditions. In
addition, the percentage of ROS™ cells within

the whole populations was calculated. Taking
the data reported in Figure 6A and B into ac-
count, a transient up-regulation in ROS gen-
eration could be observed after 24 h incuba-
tion with the CFE with a 1.45-fold-ROS in-
crease in exposed vs. control cells (control
cells” MFI = 6727, treated cells’ MFI = 9770,
P< 0.05). On the other hand, the ROS™ cell
amount was smaller than that of controls
(about 18 %) after 24 h of treatment with
IC5024 CFE. This may suggest the initial oc-
currence of an increased intracellular ROS
production coupled with an extended cell
damage, both aspects that fit well with the al-
ready-reported significant decrease of MMP
with consequent deterioration of cells’ respir-
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atory activity. As expected from the progres-
sive advancement of cellular impairment and
death, HepG2 cells exposed to 1C5048 CFE for
48 h showed a drastic arrest of ROS overpro-
duction vs. control cells (control cells’ MFI =
1166; treated cells’ MFI = 960; no statistical
significance).

CFE impairs HepG2 cell autophagic
behavior

To determine whether the CFE could
modify the autophagic behavior of HepG2
cells, acridine orange staining was performed
to label AVOs, a hallmark of autophagic cells.
In fact, as reported by Gibson (2013), flow cy-
tometric scanning of changes in the amount of
AVOs is indicative of variations in autopha-
gosome accumulation and autolysosome for-
mation. Analysis of the plots revealed the
constant presence of two distinct cell subpop-
ulations characterized by low (AVO’) and
high rate (AVO") of acridine orange fluores-
cence. Consistent with the data from Sun et al.
(2018), these results confirmed that HepG2
cells are endowed with a high basal level of
autophagy, with the percentage of AVO™ ac-
tively-autophagic cells being about 69 and
74 % at 24 and 48 h of culture, respectively,
under control conditions (Figure 7A, C).
However, the proportion of AVO* cells de-
creased 24 h after treatment with 1Cs024 CFE
(25 %; Figure 7B). Further incubation for 48
h with the ICs048 indicated the almost com-
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plete disappearance of the AVO™ cell popula-
tion, whose proportion dropped to about 2 %
(Figure 7D).

CFE inhibits HepG2 cell migration in vitro
Wound healing assays were performed
and monitored within 24 h to examine the ef-
fect of incubation with the aqueous CFE from
H. tubulosa on HepG2 cell locomotory abil-
ity. As illustrated by Figure 8, under control
conditions, HepG2 cell migration determined
the advancing reduction of the denuded area
(mean area % = 23 at time 0), which had al-
ready started at 2 h from the scratch time
(mean area % = 17) leading to partial oblite-
ration after 6 h (mean area % = 6) and then
total closure of the wound within 24 h. In con-
trast, exposure to 1Csp24 CFE inhibited cells’
ability to migrate into the scratch area, and, as
expected, cells in the last period of treatment
displayed signs of suffering and damage such
as rounding and detaching from the substrate.
Based on the data by Baveja et al. (2018) who
demonstrated a non-cytotoxic and effective
wound healing-effect of 24 h-administration
of 5 ug/mL of the CFE from another inverte-
brate species, the sea star A. indicus, to human
A-549 tumor cells, we also tested HepG2
cells’ migratory behavior in the presence of
H. tubulosa’s CFE at low concentration. As
revealed in the panel, although the cells’
healthy morphological appearance appeared
unmodified by the treatment, a slight sign of
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Figure 6: Bar graphs showing the ROS-associated MFI in ROS* cell subpopulations (A) and the ROS*
cell/ROS: cell ratio (B) in parallel preparations of control and 1Cs024 and ICs048 CFE-treated HepG2
cells for 24 and 48 h (mean + s.e.m. of three independent experiments). * p < 0.001 (A) and = 0.029 (B)

determined with independent t-tests.
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Figure 7: Flow cytometric assays for AVOs in HepG2 cells cultured in control conditions for 24 (A) and
48 h (C) or exposed to CFE 1Cs024 for 24 h (B) and CFE 1Cs048 for 48 h (D). The plots show the results
of representative experiments and the percentages, indicated as the mean + s.e.m. of three independent
experiments, refer to AVO* cells (right quadrants) and AVO- cells (left quadrants).

reduction in the scratch area was observed
only at 24 h after exposure (mean area % at
time 0 and after 24 h = 24 and 19, respec-
tively), thereby confirming the migration-in-
hibiting effect exerted by H. tubulosa’s CFE
on liver cancer cells.

Proteomic profile of the CFE identifies
potential contributors to the observed
cytotoxic activity

It is widely acknowledged that peptides
and proteins produced by marine inverte-
brates may be endowed with cell death-pro-
moting properties, such as the ability to induce
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Figure 8: Representative phase-contrast micrographs acquired during wound-healing experiments at
different time intervals under control conditions, and in the presence of CFE at 1Cs024 and 5 pg/mL
concentration. The assay was performed in triplicate. Microscopic magnification = 20X

apoptosis, activate the mitochondrial intrinsic
pathway and/or impair signal transduction
pathways as well as cytoskeletal dynamics
(Zheng et al., 2011). Based on the observed
cytotoxic role played by the CFE from H. tu-
bulosa on HepG2 tumor cells, proteomic
analysis of the aqueous preparations was per-
formed after proteolysis of the samples and
MS sequencing to detect bioactive compo-
nents. Overall, 1648 obtained spectra
matched forward peptides and the final output
reported 115 forward and 20 reverse proteins

and 321 unique forward peptides. The esti-
mated spectrum-level FDR on true proteins
was 0.1 %. A bioinformatic similarity search
against the different databases identified 18
proteins contained in the CFE that are poten-
tially associated with the various aspects re-
lated to the impairment of HepG2 cell biolog-
ical activities reported in the previous para-
graphs, as well as with exosome secretion.
The peptide sequences and the results of
alignments selected on the basis of sorting by
the best E value are reported in Table 1.
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Table 1: Cytotoxic activity-associated protein profile of the CFE from H. tubulosa

Sequence ID Identities Positives

Peptide sequence(s) Expected

Protein description

. Selected protein
Organism

(no. of matches/range) (%) (%) categories
LVGGTFAQ[+0.984]EGR PIK44174.1 (2/275-287, 382-394) 0.003/0.003 100/100 100/100 Putative Deleted In Malignant Brain  Stichopus japoni-
Tumors 1 (DMBT1) protein-like  cus (sea cucumber)
LVGGNTDSEGR PIK52969.1 (1/358-370) 0.005 100 100 Putative DMBT1 protein isoform
X4-like
LVGGSNSSEGRV XP_030851619.1 (1/1663-1675) 0.013 100 100 DMBT1 protein-like Strongylocentrotus
LVGGSNSTEGR XP_011666462.2 (1/736-748) 0.009 100 100/92 DMBT1 protein-like purpuratus (sea ur-
LVGGSNSAEGR XP_030851596.1 (2/973-985, 0.013/0.1 100/92 100 DMBT1 protein-like chin)
1187-1199) -membrane
LVDGASPNEGR XP_030839388.1 (1/112-124) 0.003 100 100 DMBT1 protein-like -scavenger receptor ac-
LVGGSNALEGR XP_030857505.1 (1/1509-1601) 0.009 100 100 DMBTL1 protein tivity
LVGGASNAEGR XP_030851622.1 (1/1071-1083) 0.013 100 100 DMBTL1 protein-like -endocytosis
LVGGSSDNEGR XP_030833786.1 (5/857-869, 0.006/0.006/ 100/100/ 100/100/ DMBT1protein isoform X1
1084-1096, 1311-1323, 1538- 0.006/0.1/ 100/92/92 100/92/92 (also X2-X4)
1550, 1765-1777) 0.1
LANGSTANEGR XP_030832692.1 (1/696-708) 0.006 100 100 DMBT1protein isoform X1
(also X2-X4)
LVGGSSDSEGR XP_041455825.1 (2/241-252,  0.15/0.15  100/100  100/100 DMBT1 protein-like Lytechinus
1906-1917) variegatus

(sea urchin)
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Table 1 (cont.): Cytotoxic activity-associated protein profile of the CFE from H. tubulosa

Sequence ID

Identities Positives

Protein description

Selected protein

Peptide sequence(s) (no. of matches/range) Expected %) %) Organism categories
LSYLTNQADYELR PIK57223.1 (1/111-125) 3e06 100 100 Putative ficolin 2-like Stichopus japoni- -extracellular exosome
RIDGSIDFSR PIK56797.1 (1/60-71) 0.006 100 100 Putative ficolin 2-like cus (sea cucumber)  -signaling receptor
IAFLTNQKQYQLR PIK37772.1 (1/21-34) 2e04 93 100 Putative ficolin 2-like binding
NGFGFLGSEFWIGNEK PIK59961.1 (1/94-111) 8e10 100 100 Ficolin 2 -immune defense
NGFGELDHEFWLGNDK PIK55963.1 (1/213-230) 5e10 100 100 Putative ficolin 2 process
ETAVEAVNQGK PIK52263.1 (1/83-95) 0.001 100 100 Putative semaphorin-1A Stichopus japoni- - semaphorin receptor
cus (sea cucumber) binding
TVN[+0.984]TFAFK PIK33946.1 (1/227-236) 0.33 100 100 Putative beta-1,3-glucan-binding  Stichopus japoni-  -extracellular region
GDWIWPAIWLLPK PIK33946.1 (1/247-261) 4e8 100 100 protein cus (sea cucumber) -pattern recognition re-
ceptor activity
-immune system
process
QVLTQAEGLVR PIK61193.1 (1/430-442) 0.002 100 100 Putative TBC1 domain family Stichopus japoni-  -intracellular protein
‘member 17 cus (sea cucumber) transport
-activation of GTPase
activity
-autophagy
RSAPSQGPNNG PIK47307.1 (1/459-471) 0.005 100 100 Putative huntingtin-interacting Stichopus japoni- -actin filament
protein 1 isoform X3 cus (sea cucumber) binding
-endocytosis
-apoptotic process
RIEELTELL XP_030854451.1 (1/312-322) 0.05 100 100 Apoptosis-stimulating of p53 protein Strongylocentrotus -p53 binding
1 isoform X1 purpuratus (sea ur- -negative regulation of
chin) cell cycle

-regulation of
apoptotic process
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Table 1 (cont.): Cytotoxic activity-associated protein profile of the CFE from H. tubulosa

Sequence ID

Identities Positives

Protein description

Selected protein

Peptide sequence(s) (no. of matches/range) Expected %) %) Organism categories
LSQGTINPTTR XP_030844441.1 (1/479-491) 0.002 100 100 Zinc finger C3H1 domain- Strongylocentrotus -nucleus
containing protein isoform X3 purpuratus -RNA processing
(sea urchin) -protein binding
QYNEIISR PIK43820.1 (1/212-221) 0.16 100 100 Putative endoplasmic reticulum resi- Stichopus japoni- -extracellular exosome
dent protein 44 cus (sea cucumber) -protein binding
- response to unfolded
protein
RGDVDFTNLI XP_030837943.1 (1/392-403) 0.008 100 100 Galactosylceramide Strongylocentrotus -membrane
sulfotransferase purpuratus -sphingolipid metabolic
(sea urchin) process
-transferase activity
INFER XP_030854500.1 (1/560-566) le® 100 100 Pre-mRNA-processing factor 39  Strongylocentrotus -nucleus
LYEGCIDDAK XP_030854500.1 (1/575-586) le® 100 100 purpuratus -protein binding
(sea urchin) -mRNA processing
LWAYVTIK PIK55236.1 (1/78-87) 0.12 100 100 Putative inter-alpha-trypsin Stichopus japoni- -extracellular exosome
inhibitor heavy chain H3 cus (sea cucumber) -serine-type
endopeptidase
inhibitor activity
FYEYIMEYK AAR89380.1 (1/79-89) 7e7 100 100 Ependymin-related protein Holothuria -lysosome
precursor glaberrima -extracellular region

-protein binding
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Table 1 (cont.): Cytotoxic activity-associated protein profile of the CFE from H. tubulosa

Sequence ID

Identities Positives

Protein description

Selected protein

Peptide sequence(s Expected Organism
P q ) (no. of matches/range) P (%) (%) g categories
RSSTPIYSI XP_030855587.1 (1/2485-2495) 0.14 100 100 Nesprin-1 isoform X1 Strongylocentrotus -cytoskeleton
XP_030855588.1 (1/2479-2489) 0.14 100 100 Nesprin-1 isoform X2 purpuratus -integral component of
XP_030855589.1 (1/2478-2488) 0.14 100 100 Nesprin-1 isoform X3 (sea urchin) the membrane
XP_030855590.1 (1/2468-2478) 0.14 100 100 Nesprin-1 isoform X4 -actin filament-binding
AGLQFPVGR XP_030843320.1 (1/21-31) 6e0° 100 100 Histone H2A-like Strongylocentrotus
purpuratus
(sea urchin)
GTGASGTFK PIK36764.1 (1/77-87) 0.001 100 100 Histone H1-beta Stichopus japoni-
cus (sea cucumber)
GTGASGSFK XP_033108982.1 (1/78-87) 0.023 100 100 Late histone H1-like Anneissia japonica
(sea lily)
ESYSIYIYK P48557.1 (1/32-42) le® 100 100 Histone H2B Holothuria
AMSIMNSFVNDIFER P48557.1 (1/55-71) 2e1? 100 100 tubulosa
EVQTAVR XP_030836142.1 (1/89-97) 0.003 100 100 Histone H2B Strongylocentrotus
LLLPGELAK XP_030836142.1 (1/96-106) 3e% 100 100 purpuratus

(sea urchin)
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DISCUSSION

Holothurians are known to be exploited
for human food purposes and as a remedy in
traditional medicine, and in the present paper
we determined whether the water-soluble
CFE from H. tubulosa could exert any cyto-
toxic effect against an in vitro cell model of a
cancer of the digestive system, i.e. hepatocel-
lular carcinoma. Our data depicted an anti-tu-
moral role of the preparation, at least under
the conditions used, characterized by an early
block of the cell cycle at the G2/M phase cou-
pled to oxidative stress promotion, AVO de-
pletion and mitochondrial dysfunction and
leading to apoptotic death.

G2/M arrest is an event commonly preced-
ing apoptosis (Chen et al., 2021; Tawfik et al.,
2021) which, as reviewed by DiPaola (2002),
may be based upon G2 checkpoint impairment
or problems in the assembly and dynamics of
mitotic spindle structure, an aspect that re-
quires further investigation. Elevated levels of
basal autophagy in cancer cells, such as
HepG2, are instrumental for enabling their
survival and active growth and locomotion by
fulfilling the high metabolic and energetic de-
mands (Luparello, 2021). Thus, a possible
mechanism of CFE cytotoxicity may involve
the suppression of “protective” autophagy
which, as reported by Zhu et al. (2021b) for
chitooligosaccharide-treated HepG2 cells,
leads to the inhibition of cell proliferation and
apoptosis via the intrinsic pathway as sug-
gested in our model system by the collapse of
MMT. Mitochondria are both primary sources
and targets of ROS (Marchi et al., 2012).
However, HepG2 cells express low levels of
cytochrome P450 family 2 subfamily E mem-
ber 1 (CYP2EL), a ROS-generating enzyme
of the endoplasmic reticulum, and therefore
are a useful model to check the formation of
ROS mainly from mitochondrial sources
(Jiang et al., 2015). Thus, CFE-triggered res-
piratory deficiency might affect mitochon-
drial ATP synthesis, and the impairment of
the respiratory chain and the oxidative phos-
phorylation system could stimulate the leak-
age of electrons from the transport chain with
consequent up-regulation of ROS production.

In turn, this could establish a vicious cycle of
an oxidative stress-induced increase of mito-
chondrial damage, also at the transcriptome
level, with consequent further ROS produc-
tion. Additionally, impairment of the au-
tophagic flux, which is a common mechanism
for the clearance of damaged ROS-overpro-
ducing mitochondria, may participate in this
vicious cycle and contribute to cell death trig-
gering (Kongara and Karantza, 2012). The de-
rangement of HepG2 cells’ healthy state ap-
peared also responsible for an early block of
cell locomotory behavior, even at a CFE dose
less than the 1Cs024, thereby suggesting that
the preparation may be a potential suppressor
of HCC metastatic attitude, even at low con-
centrations.

The biochemical compositions of extracts
from the isolated tegument and dried body of
H. tubulosa have been the object of some pub-
lications that have also provided evidence of
the anticancer and antioxidant potential of the
preparations (Alper and Giines, 2020; Zmem-
liaetal., 2020). To the best of our knowledge,
no study is available in the literature on the
biochemical composition of the coelomic
fluid of H. tubulosa, which represents a sig-
nificant portion of its mass and contains a
complex mixture of soluble molecules se-
creted constitutively by different parts of the
invertebrate’s body. Therefore, in search of
molecular constituents that may conceivably
be involved in the observed cytotoxic activity,
we complemented cellular assays with a first-
released proteomic analysis of the CFE. This
study predicted a number of putative anti-
cancer proteins responsible for the lethal ef-
fect against HepG2 cells. In parallel, exo-
some-linked signatures were also detected
suggesting the release of extracellular vesi-
cles carrying, among the others, the intracel-
lular constituents likely causing the anti-
HepG2 effects in the coelomic fluid of H. tu-
bulosa. Exosomes are conceivably preserved
intact by the method of preparation of the
CFE and therefore could be ready to fuse with
and transfer their cargo into cancer cells. No-
tably, the presence of exosomes in the coe-
lomic fluid of aquatic invertebrates has been
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acknowledged and related to their involve-
ment in cell-to-cell communication and im-
mune defence (Chiaramonte et al., 2014; Au-
guste et al., 2020; D’Alessio et al., 2021).
Among the protein signatures identified,
some may be mainly, but not only, associated
with the activation of programmed cell death.
Deleted In Malignant Brain Tumors 1
(DMBT1) is a tumor growth suppressor and
an effector of genetic resistance to hepatocar-
cinogenesis in rats and humans (Frau et al.,
2012). Data obtained with the GBC-SD
gallbladder cancer cell line demonstrated that
its overexpression can down-regulate cell
proliferation and induce apoptosis via stabili-
zation of the phosphatase and tensin homolog
(PTEN) and inhibition of the PI3K-Akt path-
way, reducing xenograft tumor growth in vivo
(Sheng et al., 2019). Similarly, expression of
the huntingtin-interacting protein 1-related
protein, a component of the clathrin-mediated
endocytosis pathway, stimulated apoptosis
and inhibited proliferation, locomotion and
invasion of gastric tumor cells by acting on
the Akt pathway (Zhu et al., 2020). The inver-
tebrate semaphorin-1A is known to be similar
to class-6 semaphorins of vertebrates (Battis-
tini and Tamagnone, 2016), whose tumor-
suppressing and apoptosis-stimulating roles
have been recognized in different cancer cell
models (Lu et al., 2012; Fard and Tamagnone,
2021). Peptides from the beta-1,3-glucan
binding protein, a pattern recognition protein
against invasive pathogens, of the pacific aba-
lone Haliotis discus hannai showed pro-apop-
totic properties against human cervical, lung
and colon cancer cells (Nam et al., 2016). Up-
regulation of the apoptosis-stimulating of p53
protein 1 in HepG2 cells exposed to the all-
trans retinoic acid derivative 4-amino-2-tri-
fluoromethyl-phenyl retinate was proven to
result in cell cycle arrest and apoptosis (Liu et
al., 2016). The zinc finger C3H1 domain-con-
taining protein, which is known to modulate
N6-methyladenosine RNA modification, has
been considered a tumor suppressor corre-
lated with a better survival rate in hepatocel-
lular carcinoma (Huang et al., 2020). Con-

ceivably, this might be based upon its inter-
ference with K-ras and ERK signaling as re-
ported by Zhu et al. (2019) who observed the
inhibition of proliferation and invasion of zinc
finger C3H1 domain-containing protein over-
expressing colorectal tumor cells. In breast
cancer cell models, the up-regulation of ga-
lactosylceramide sulfotransferase, which in-
creases the release of sulfatides from the
sphingolipid, was found to be associated with
the onset of programed cell death due to the
decrease in the amount of the latter acting as
an anti-apoptotic molecule (Suchanski et al.,
2018). In the same models, the over-expres-
sion of ependymin-related protein 1, a poorly
characterized transmembrane protein, was
also shown to inhibit cell proliferation and
migration leading to apoptosis via activation
of the p53 signaling pathway (Liang et al.,
2020). Ultimately, over-expression of
PRPF39, coding for pre-mRNA-processing
factor 39, in HepG2 cells appeared related to
the acquisition of enhanced sensitivity to the
cytotoxic action of cisplatin (Qin et al., 2021).
This was ascribed, at least in part, to its
acknowledged negative regulation on the ex-
pression of TFDP2 coding for E2F dimeriza-
tion partner 2 involved in the progression of
the cell cycle, and positive regulation on the
expression of MAP3K4 coding for mitogen-
activated protein kinase kinase kinase 4 which
participates in apoptosis-promoting intracel-
lular signaling (Stark et al., 2012).

In addition, other protein signatures may
be mainly associated with the inhibition of
cell migration, thus being related to the anti-
metastatic property of the CFE preparation. In
particular, the H3 chain of the inter-alpha
trypsin inhibitor, an extracellular matrix com-
ponent that binds to vitronectin, fibronectin
and hyaluronic acid thereby influencing their
biological activity (Lord et al., 2020), induces
a significant decrease in the number of lung
metastases in H460M cell-injected mice prob-
ably due to the increase in the cell adhesion
rate (Paris et al., 2002). In addition, Sur-Er-
dem et al. (2020) reported that the giant actin-
binding protein nesprin-1 is able to reverse
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the tumorigenic phenotype of HuH7 hepato-
cellular carcinoma cells, whereas data from
Huang et al. (2016) demonstrated that up-reg-
ulation of endoplasmic reticulum resident
protein 44 determines the inhibition of human
A549 lung cancer cell migration via an inosi-
tol 1,4,5-triphosphate receptor-dependent
pathway. Notably, over-expression of the se-
rum protein ficolin-2 was proven to signifi-
cantly reduce the migratory and invasive be-
havior of liver cancer cells in vitro and in vivo,
attenuating the epithelial-mesenchymal tran-
sition via stimulation of the TGFp/Smad
transduction pathway (Yang et al., 2016).

Finally, one of the identified protein sig-
natures found may relate to the modulation of
the autophagic flux. In fact, in retinal cells
TBC1 domain family member 17, a RAB
GTPase-activating protein, has been shown to
impair autophagy, as well as the trafficking
and recycling of transferrin receptors, both
leading to the loss of cellular homeostasis and
promotion of cell death (Chalasani et al.,
2014).

Among the proteins listed, ficolin-2, sem-
aphorin and putative endoplasmic reticulum
resident protein 44 were reported to be con-
tained in human and murine exosomes and re-
leased into body fluid (Looze et al., 2009;
Biswas et al., 2019; Xia et al., 2021). Further-
more, our proteomic analysis of H. tubulosa’s
CFE revealed the presence of histones H1 and
H2B which can be considered additional
markers of the nanovesicles (Auguste et al.,
2020). In fact, extracellular histones are in-
volved in exosome-mediated adhesion and
could conceivably be involved in exosome
uptake by target cells and the subsequent ac-
tivation of signaling (Nangami et al., 2014,
Muhsin-Shrafaldine et al., 2016; Ochieng et
al., 2018).

In summary, we have shown that H. tubu-
losa’s CFE is cytotoxic towards hepatocellu-
lar carcinoma cells in vitro. A limitation of the
present study is the lack of isolation and iden-
tification of the CFE component(s) to which
the observed effects may be attributed. How-
ever, the proteomic profile analysis revealed
a number of proteins that can seemingly play

anti-cancer roles at different levels. Based on
data from the literature (e.g. Khotimchenko,
2018) the contribution of varied sea cucum-
ber-derived molecules, falling into the catego-
ries of triterpenes, glycosaminoglycans and
cerebrosides, among others, cannot be ex-
cluded, as well as the existence of potential
and complex synergic activities between
these compounds. The data reported here
strongly suggest that the water-soluble anti-
HepG2 cell constituent(s) of the CFE is/are
resistant to lyophilization, resuspension, and
freeze-thawing cycles.

CONCLUSIONS

It is widely acknowledged that additives
may be added to food directly or incorporated
into the aliments in trace amounts during
packaging, storage, or handling (Karunara-
thne et al., 2020). As reported by Vilela et al.
(2018), packaging technologies are being de-
veloped to improve the safety and maintain
the nutritional quality of minimally-processed
food via the anti-microbial, anti-oxidant, and
anticancer properties of the additives. Moreo-
ver, products from marine sources have great
potential to be used as barrier coatings for
multilayer packaging or edible coatings di-
rectly applied to food. In conclusion, consid-
ering these emerging technologies, the “active
constituent(s)” present in the samples under
study merit further investigation aimed at de-
veloping novel promising prevention and/or
treatment agents and beneficial supplements
for the formulation of functional food and
food-packaging material.
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