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Abstract
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- Antoine Bonnet' @ - Grégoire Prunier’

Melanoma is an aggressive tumor with invasive and metastatic potential, frequently exhibiting multidrug resistance mechanisms.
In our continuous search for antimelanoma molecules, we have identified some effective marine compounds capable of not only
inducing cell death, but also of sensitizing chemoresistant tumor cells to clinically used anticancer drugs. In this report, the
cryptophyte Rhodomonas salina (Wislouch) D.R.A.Hill & R.Wetherbee, Pyrenomonadaceae, was chemically investigated in
order to identify pigments efficiently inhibiting melanoma cells proliferation. All pharmacological tests were performed on
A2058 cells expressing the oncogenic BRAF V600E mutation and resistant to dacarbazine treatment. Flash chromatography
of R. salina ethanol extract led to purification of alloxanthin and crocoxanthin, which showed significant antiproliferative activity
against A2058 cells, exhibiting ICsy =29 and 50 uM, respectively. These carotenoids promoted growth inhibition, decreased cell
migration, and induced apoptosis and sub-G1 cells accumulation after 72 h of treatment. In addition, alloxanthin potentiated the
cytotoxic activity of vemurafenib (a BRAF inhibitor) and restored the sensitivity of A2058 cells to dacarbazine treatment.
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Introduction

Cutaneous melanoma is an aggressive tumor deriving from
melanocyte cells. In Europe, more than 20,000 people die
from melanoma every year. It is the most frequent tumor in
young adults aged 25 to 35 years old, and it is responsible for
70% of mortality by skin cancers (Schadendorf et al. 2018).
The incidence of melanoma is increasing worldwide and most
cases are associated with excessive exposure to UV radiation.
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In addition, advanced and metastatic melanoma (stages III and
IV) have very poor prognosis and the overall positive re-
sponses to monotherapy using conventional anticancer drugs
are weak, ranging from 4 to 26% (Matthews et al. 2017; Prado
et al. 2019; Tracey and Vij 2019).

The classical antimelanoma drugs include alkylants agents
(e.g., dacarbazine, temozolomide, fotemustine, carmustine,
semustine), platinum drugs (cisplatin and carboplatin), vinca
alkaloids (vindezine and vinblastine), taxanes (docetaxel
and paclitaxel), and tamoxifen (Garbe et al. 2016).
Recently, promising results have been obtained with im-
munotherapy (monoclonal antibodies, e.g., ipilimumab),
target therapy (BRAF inhibitors, e.g., vemurafenib;
MEK inhibitors, e.g., cobimetinib), and combined treat-
ments (BRAF inhibitors associated to MEK inhibitors,
e.g., vemurafenib + cobimetinib) (Napolitano et al.
2018; Schadendorf et al. 2018). However, these treat-
ments induce severe toxicity, including neutropenia,
thrombocytopenia, fatigue, nausea, vomiting, and neuro-
sensory troubles (Jang and Atkins 2014; Roos et al.
2014; Lopatka et al. 2018; Voskoboynik and Arkenau
2014). The wide range of antineoplastic treatments


http://crossmark.crossref.org/dialog/?doi=10.1007/s43450-020-00036-2&domain=pdf
https://orcid.org/0000-0002-9458-1744
https://orcid.org/0000-0003-0849-4503
https://orcid.org/0000-0002-1788-7758
https://orcid.org/0000-0003-2560-513X
https://orcid.org/0000-0002-3696-734X
https://orcid.org/0000-0002-5785-5398
https://orcid.org/0000-0003-4656-3557
https://doi.org/10.1007/s43450-020-00036-2
mailto:laurent.picot@univ-lr.fr

ineffective at killing melanoma cells implies that the
drug resistance mechanisms in melanoma are complex.
In fact, melanoma cells are constitutively or adaptively
resistant to pro-apoptotic drugs, acquiring mutations and
cellular adaptations during the treatment that result in
intrinsic survival mechanisms (Tentori et al. 2013;
Spagnolo et al. 2014, 2015). Cytotoxic molecules usu-
ally lead to the selection of tumor cells variants overex-
pressing efflux transporters, such as P-glycoprotein (P-
gp) and multidrug resistance factor-1 (MDR1), and anti-
apoptotic proteins (e.g., Bcl-2, Bel-xL, Mcl-1), which
justifies treatment failure (Housman et al. 2014).

Microalgae are a source of biomolecules considered not
only promising dietary supplements (Gille et al. 2018), but
also compounds that possess several therapeutic properties
such as antioxidant, anti-inflammatory (Habashy et al.
2018), hypocholesterolemic (Sengupta et al. 2018), and anti-
cancer (Juin et al. 2018). Among these compounds, a range of
bioactive carotenoids can be isolated, including (3-carotene,
fucoxanthin, zeaxanthin, lutein, violaxanthin, echinenone,
and canthaxanthin, and some of them are produced exclusive-
ly by microalgae (Casagrande et al. 2019). These pigments
have often been associated with anticancer effects, including
against cutaneous melanoma cell lines (Pasquet et al. 2011;
Baudelet et al. 2013; Haguet et al. 2017). They exert antipro-
liferative effect by inducing apoptosis and modulating signal-
ing pathways involved in survival, cell proliferation, invasion,
and metastasis. Moreover, some carotenoids have been
particularly investigated in combined treatments with
drugs clinically used in melanoma therapy. In a recent
study, we demonstrated that zeaxanthin isolated from
Porphyridium purpureum sensitizes chemoresistant hu-
man melanoma cells to vemurafenib, enhancing its an-
tiproliferative effect (Juin et al. 2018). Indeed, the use
of natural molecules as sensitizer agents has been en-
couraged because of their low in vivo toxicity, allowing
the reduction of effective doses of conventional antican-
cer drugs and consequently limiting potential toxic ef-
fects without affecting the therapeutic response (Vinod
et al. 2013; de Oliveira Junior et al. 2018).

In this report, we continue our search for new
antimelanoma molecules through a chemical and pharmaco-
logical investigation of Rhodomonas salina (Wislouch)
D.R.A.Hill & R.Wetherbee, Pyrenomonadaceae. It is a marine
cryptophyte microalga, known to be rich in starch and routine-
ly used in the diet of different invertebrate species (Tremblay
et al. 2007; Chaloub et al. 2015). We have previously shown
that chlorophyll c,, alloxanthin, and (3-carotene are the most
common pigments found in R. salina, which makes it a
promising source not only of nutrients but also of bio-
active compounds (Serive et al. 2017). Nevertheless,
many carotenoids remain unknown in this species and
their anticancer potential has not yet been properly

explored. In the present study, we describe the complete
pigment profile of R. salina extract and the antiprolifer-
ative activity of two of its most promising carotenoids
(alloxanthin and crocoxanthin) against chemoresistant
human melanoma cells (A2058 cells) expressing the on-
cogenic BRAF mutation.

Materials and Methods
Microalgae Culture, Harvest, and Freeze-Drying

Rhodomonas salina (Wislouch) D.R.A.Hill & R.Wetherbee,
Pyrenomonadaceae, CCAP 978/27 was grown in a commer-
cial 16 1 photobioreactor LUCY© (Synoxis algae, Le Cellier,
France) containing 0.2-um filtered and autoclaved seawater
enriched with Walne’s medium 4 ml I (Walne 1970). The
culture was realized in batch condition with a continuous ir-
radiance of 120 umol photons.m 2 s~ photosynthetically ac-
tive radiation (PAR) in a climate room at 18 °C. A pH 9
regulation was maintained with a regulated CO, injection.
After 20 days, cells reached a concentration of 5.84 x 10°
cell ml™'. At this early stationary phase, 16 1 of the culture
were harvested by centrifugation. The microalgae paste was
freezed at — 80 °C and freeze-dried before extraction.
Additional information about the microalga species is avail-
able in the supplementary material.

Sonication-Assisted Extraction of Rhodomonas salina
Pigments

Pigments were extracted from the lyophilized biomass (2 g) in
absolute ethanol (500 ml). The mixture was sonicated at
50 W-30 kHz (UP50H ultrasonicator, Hielscher Ultrasonics
GmbH, Germany) for 30 min, on ice and under constant stir-
ring (Haguet et al. 2017). The extractive solution was filtered
(PVDF 0.22-um membrane) and the solvent was evaporated
under vacuum, resulting in the R. salina extract (Rs-EtOH,
0.53 g).

Scanning Electron Microscopy

To confirm cell rupture during sonication-assisted extraction,
R. salina cells were freeze-dried before or after sonication,
placed on a conductive double layer carbon support and ex-
amined by SEM using a Philips-FEI Quanta 200 ESEM/ FEG
microscope (environmental mode) equipped with a FEG can-
on delivering 1 to 30 kV beam current (Haguet et al. 2017).

UPLC-DAD-MS/MS Analysis

Pigment profile of Rs-EtOH was obtained by ultra-high per-
formance liquid chromatography system (Acquity UPLC H-



class, Waters Milford USA) coupled to a photodiode array
(Waters 2996) or a high-resolution mass spectrometry
(XEVO G2S Q-TOF) equipped with an electrospray ioniza-
tion source (Waters, Manchester, England). The UPLC system
was formed by a quaternary pump (Quaternary Solvent
Manager, Waters) and an automatic injector (Sample
Manager-FTN, Waters) equipped with a 10 pl injection loop.
10 ul (DAD analysis) or 5 pul (MS analysis) of Rs-EtOH
solution were injected in a C18 column (Acquity UPLC
BEH C18, Waters) (2.1 x 50 mm, 1.7 pum), using a flow rate
of 300 ul min~" and a gradient composed of solvents A (wa-
ter/formic acid, 100/0.001, v:v) and B (methanol/formic acid,
100/0.001, v:v), according to the following procedure: 0—
1 min, 80% B; 1-2 min, 80%—-81% B; 2—5 min, 81% B; 5—
7 min, 81-81.5% B; 7-10 min, 81.5% B; 10-11 min, 81.5%—
83% B; 11-14 min, 83% B; 14-16 min, 83%—85% B; 16—
20 min, 85% B; 20-23 min, 85%-95% B; 23-27 min, 90% B;

27-29 min, 90%-95% B; 29-35 min, 95% B; 35-37 min,
95%—98% B; 3743 min, 98% B; 43-44 min, 100% B; 44—
48 min, 100% B; 48-48.5 min, 100%—-20% B; 48.5-51 min,
20% B. During the analysis, the column and the injector were
maintained at 25 °C and 7 °C, respectively. The instrument
was adjusted for the acquisition on a 300-800-nm interval in
UV mode, with 5 spectra s ' and 1.2 nm of resolution. The
analyses were performed in positive ionization mode with
MSE function in a centroid mode. Final ESI conditions were
source temperature 120 °C, desolvation temperature 500 °C,
gas flow rate of the cone 50 1 h™', desolvation gas flow rate
800 1h ™", capillary voltage 3.0 kV, sampling cone 130 V, and
source compensation 80 V. The instrument was set to acquire
over the m/z 250-1300 m/z interval, with a scan time of 0.15 s.
The mass spectrometer was calibrated before analysis using
0.5 mM sodium formate solution. Leucine Enkephalin (M=
555.62 Da, 1 ng ul') was used as a lock-mass. UPLC-DAD

Fig. 1 UPLC-DAD (300- a
800 nm, full scan) (a) and UPLC- ]
ESI-MS(+) (b) chromatograms of s
Rs-EtOH. Peak characterization is 1.0e+2
given in Table 1 ]
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chromatogram was recorded at 300-800 nm (full scan) and
UPLC-MS/MS data were collected in positive mode (ESIY).
The mass error between experimental and theoretical parent
and fragment ions was calculated as ([experimental m/z — the-
oretical m/z)/theoretical m/z) x 10° (ppm).

Purification of Alloxanthin and Crocoxanthin

Rs-EtOH was fractioned by flash liquid chromatography,
using an Interchim Puriflash PF430 system. Rs-EtOH
(100 mg) was solubilized in methanol and added to 10 g of
celite® 545 (Sigma-Aldrich®, France). The mixture was
homogenized manually until complete solvent evapora-
tion and then placed in a pre-column. The pre-column
containing Rs-EtOH-adsorbed celite® was coupled on
the top of a PF-CI8 column (20 g, 15 pum) and eluted
with a mobile phase composed of a ternary solvent gra-
dient: A (methanol/water, 80/20), B (acetonitrile/water,
90/10), and C (isopropanol). The gradient flow program
was set as follows: 0-5 min, 100% A; 5-9 min, 100%
B; 9-45 min, 30% B and 70% C; 45-50 min, 100% C;
50-55 min, 100% C; 55-60 min, 100% B; 60—65 min,
100% A; 65-70 min, 100% A. The flow rate was
5 ml min"! and elution was monitored at 450 nm, with
an automatic collector (10 ml per tube). This fraction-
ation protocol was adapted from a previous study
(Baudelet et al. 2013), considered an effective method

Fig. 2 Growth inhibition of
A2058 cells after exposure to
increasing concentrations (1—

100 uM, 72 h) of alloxanthin and
crocoxanthin (a). Treatments with
alloxanthin and crocoxanthin
evoked reduction in cell density,
cell shrinkage, and rounding
(black arrows) (b, ¢). Results are
expressed as mean + SEM, from
at least three independent
measurements (7 = 3)

[\

for purification of microalgae pigments, especially
carotenoids.

Cell Viability Assay

All pharmacological assays were performed using A2058
(ATCC® CRL-11147™) cell line. A2058 are highly invasive
and metastatic human melanoma cells, BRAF-mutated
(Ronca et al. 2013), tumorigenic at 100% frequency in nude
mice (supplier’s information) and very to conventional che-
motherapy (de Oliveira Junior et al. 2019). Cells were grown
in DMEM (Dutscher, France), supplemented with 10% heat-
inactivated (56 °C, 30 min) FCS (Dutscher, France) and
penicillin-streptomycin (1000 U ml™" and 100 ug ml™', re-
spectively) (Dutscher, France), at 37 °C in a 5% CO, humid-
ified atmosphere. Rs-EtOH and isolated carotenoids were sol-
ubilized in DMSO before dilution in the cell culture medium.
The DMSO final concentration was lower than 1% and tested
as negative control. A2058 cells (2 x 10%/well) were
treated with Rs-EtOH (1-100 pg ml™"), alloxanthin (1—
100 uM), or crocoxanthin (1-100 uM). After 72 h, cell
viability was measured using the MTT assay as previ-
ously described (Mosmann 1983; Juin et al. 2018). Cell
morphology was evaluated after treatments under
inverted phase contrast microscope (Nikon, Eclipse,
France). ICsy was calculated by non-linear regression
analysis using Prism 6.0 (GraphPad Software).

-o- Alloxanthin
[

=
P
1

Crocoxanthin

PR -
wmw S S
1 L L 7

e
X
<
=
5
=
=2
=
8
=
=}
z
)
=
o

Control

o
»

0.5 1.0 15 2.0

Log Concentration (uM)

0.0

Control

Crocoxanthin



Fig. 3 Antimigratory activity of
alloxanthin (14.5 uM, %21Cs() and
crocoxanthin (25 uM, %ICsq)
after 24 h (a) and 48 h (b) of
exposure. Photomicrographs
represent cell migration into the
zone free of cells according to the
treatment (c). Data are expressed
as mean + SEM, *p < 0.05 (one-
way ANOVA followed by
Tukey’s post-test), from at least
three independent measurements
(n=3)

Fig. 4 Alloxanthin (29 uM, ICs¢)
and crocoxanthin (50 uM, ICsq)
induce apoptosis in A2058 cells,
after 72 h of treatment. Annexin V
(red) and 6-CFDA (green) double
staining was observed by fluores-
cence microscopy. Melanoma
cells in early apoptosis show both
red and green stains, while cells in
late apoptosis show only red stain,
and untreated cells (control) are
stained green only. Treated cells
also presented cell shrinkage and
rounding, cell clumps, and apo-
ptotic bodies formation
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Cell Migration Assay

Antimigratory activity of alloxanthin and crocoxanthin was
determined as previously reported (Cisilotto et al. 2018).
A2058 cells (2 x 10*/well) were incubated and grown to
90% confluence in 24-well plates. Cell monolayers were
scratched with a sterile plastic tip, washed with PBS and in-
cubated in a fresh cell culture medium containing alloxanthin
(14.5 uM, *AICsg) or crocoxanthin (25 uM, Y2ICsg), for 48 h.
Cell migration was microscopically monitored at 0, 24, and
48 h (ZEISS Axion Observer, France), and results were
expressed as percentage of cell migration calculated by mea-
suring the cell surface using Image]® software.

Annexin V-Cy3/6-CFDA Analysis

Cells were incubated for 24 h and subsequently treated with
alloxanthin (29 uM, ICso) or crocoxanthin (50 uM, ICs).
After 72 h of treatment, cells were washed with PBS and
double stained with annexin V-Cy3 (red fluorescence) and

Fig. 5 Nuclear fragmentation (a) a
and caspase-3 activation (b) in
A2058 cells exposed to
alloxanthin (29 uM, ICsg) and
crocoxanthin (50 uM, ICsg) dur-
ing 72 h of treatment. Arrows
point Blebbing, DNA condensa-
tion, and fragmentation after
DAPI staining (a). Enzymatic ac-
tivity (umol pNA/min/ml) is
expressed as mean + SEM (b),
with *p <0.05 (vs. control
group), according to one-way
ANOVA followed by Tukey’s
post-test (n=3)

Alloxanthin Control

Crocoxanthin

Bright-Field

6-carboxyfluorescein diacetate (6-CFDA, green
fluorescence) solution according to manufacturer’s recom-
mendations (Sigma-Aldrich®, France) and finally observed
under fluorescent microscope (ZEISS Axion Observer,
France) (de Oliveira Junior et al. 2019).

Nuclear Fragmentation

Cells were incubated for 24 h in 4-well chamber slides (5000
cells/well) and then treated with alloxanthin (29 uM, 1Cs) or
crocoxanthin (50 uM, ICsq) for 72 h. Cells were washed in
PBS before being fixed with formaldehyde 4% solution
for 30 min at 37 °C. Subsequently, cells were washed in
PBS, permeabilized with Triton X-100 1% and finally
stained with DAPI according to manufacturer’s instruc-
tions (ProLong™ Gold Antifade Mountant with DAPI
kit, ThermoFischer Scientific, France). Nuclear conden-
sation and fragmentation of untreated and treated cells
were observed under fluorescent microscope (ZEISS
Axion Observer, France).

DAPI Merge

Caspase-3 activity
(nmol pNA/min/ml)
~
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Caspase-3 Activity

Caspase-3 activity was determined using a colorimetric assay
(CASP3C kit, Sigma-Aldrich®, France) as previously report-
ed. Cells were treated with alloxanthin (29 uM, ICsg) or
crocoxanthin (50 uM, ICsg) for 72 h. After treatment, cells
were washed with PBS, lysed with lysis buffer, and caspase-3
activity (umol pNA/min/ml) was measured according to man-
ufacturer’s instructions.

Cell Cycle Analysis

A2058 cells were treated with alloxanthin (29 uM,
ICs50) or crocoxanthin (50 uM, ICsy) for 72 h before
being stained with PBS containing propidium iodide
(PI 100 pg ml™"), Rnase A (100 pug ml™") and 0.1%
Triton X-100 (ThermoFisher Scientific, France) for
15 min, at 37 °C. Cells were analyzed using a FACS
Cantoll flux cytometer (BD Biosciences, France)
equipped with an air cooled blue LASER (A =488 nm,
20 mW) as previously described (Juin et al. 2018).

Sensitization of A2058 Cells to Vemurafenib
and Dacarbazine

Vemurafenib (Selleckchem®, France) and dacarbazine (Sigma-
Aldrich®, France) were diluted to a 10 mM stock solution in
PBS, before dilution in cell culture medium. A2058 cells were
treated for 72 h with increasing concentrations of vemurafenib
(1-100 uM) or dacarbazine (1-100 uM), alone or combined to
alloxanthin (14.5 uM, }4ICs) or crocoxanthin (25 uM, %2ICs).
Antiproliferative activity of monotherapies and combined
therapies was calculated using MTT assay as described
above and results were expressed as ICso. The combi-
nation index (CI) was calculated using the software
CompuSyn (version 1.0), according to Chou-Talalay
method (Chou and Talalay 1984). CI< 1.0 indicates syn-
ergism, CI>1.0 indicates antagonism, and CI values
equal to 1.0 indicate additive effect.

Statistical Analysis

Data were expressed as mean = SEM and analyzed by un-
paired Student’s ¢ test or one-way ANOVA followed by
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Fig. 6 Effect of alloxanthin (29 uM, ICsp) and crocoxanthin (50 pM,
ICs0) on different phases of cell cycle (Sub-G1, G1/GO0, S, G2/M).
A2058 cells were treated for 72 h, stained with propidium iodide, and
measured by flow cytometry, as shown in the quantitative distribution of

cells in different phases of cell cycle (a) and in the representative
histograms (b). Data are expressed as mean + SEM, *p <0.05 (vs.
control group) according to one-way ANOVA followed by Tukey’s
post-test, from at least three independent measurements (1 = 3)
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Fig. 7 Antiproliferative activity of alloxanthin (allo, 14.5 pM) and
crocoxanthin (croco, 25 uM) combined with vemurafenib (vemu) (a)

Photomicrographs show reduction of cell density promoted by combined
therapies, compared with monotherapies and control groups (¢). Data are

and dacarbazine (daca) (b) in the MTT assay. A2058 cells were grown
for 72 h with increasing concentrations of the anticancer drugs (1—
100 uM) in the presence or absence of the carotenoids (41Csg).

Tukey’s multiple comparison test (statistical significance
when p <0.05), according to the case, using Prism 6.0

expressed as mean + SEM, *p <0.05 according to unpaired Student’s ¢
test, from at least three independent measurements (1 = 3)

(GraphPad software). Pharmacological results were obtained
from at least three independent measurements (7 = 3 or more).

Table 2 Antiproliferative activity

of monotherapies and combined Monotherapy ICso (M) Combined therapy ICso (LM)

therapies against A2058 cells.

Data are presented as I1Csq values Allo 29.16 (21.56-39.45) - .

and 95% confidence interval. For Croco 49.92 (45.21-55.12) - -

combined therapy, increasing Vemu 11.71 (10.09-13.58) Vemu + Allo (% ICso) 2,54 (1.76-3.66)
concentrations of vemurafenib }

and dacarbazine (1-100 uM) Vemu + Croco (¥4 ICsq) 14.35 (12.48-16.51)
were associated to 21Csq of Daca > 100 Daca + Allo (4 1Cs() 28.31 (20.62-38.86)
alloxanthin (14.5 uM) and Daca + Croco (2 ICsp) >100

crocoxanthin (25 uM)

Allo alloxanthin, croco crocoxanthin, vemu vemurafenib, daca dacarbazine. ICs is defined as the concentration of
a compound inhibiting 50% of cell growth, calculated by non-linear regression. %21Cs, correspond to half of the
1Cs value. Data are expressed as mean (95% confidence intervals), from at least three independent measurements
(n=3)



Results and Discussion

Sonication-Assisted Extraction of Rhodomonas salina
Pigments

Microalgae have hard cell wall in most of cases, which limits
metabolites extraction by conventional methods. Accordingly,
sonication-assisted extraction has been increasingly used to
obtain compounds from different microalgae as previously
demonstrated by our research group (Baudelet et al. 2013;
Juin et al. 2015; Haguet et al. 2017). To ensure complete
extraction of pigments, R. salina freeze-dried biomass
was sonicated for 30 min at 50 W-30 kHz, using etha-
nol as solvent. Scanning electron microscopy of freeze-
dried biomass before sonication revealed cells with in-
tact cell morphology. In contrast, R. salina cells showed
cell wall disruption after sonication-assisted extraction,
allowing the direct contact of the solvent with the in-
tracellular content (supplementary data).

Pigment Profile of Rhodomonas salina Extract
(Rs-EtOH)

UPLC-DAD-MS/MS analysis of Rs-EtOH was achieved in a
single 51-min run and eighteen peaks were identified accord-
ing to their UV, MS, and MS/MS spectral data (Fig. 1 and
Table 1). Chlorophylls ¢, and a, pheophytin @, and the carot-
enoids alloxanthin, monadoxanthin, crocoxanthin, and f3,¢-
carotene were the main pigments identified, corroborating
previous chemical investigation involving R. salina (Kana
et al. 2012; Vu et al. 2016; Serive et al. 2017). Alloxanthin,
monadoxanthin, and crocoxanthin are carotenoids of frequent
occurrence in the Rhodomonas genus, since they have been
reported in R. baltica, R. lens, and R. minuta (Zapata et al.
2000; Teubner et al. 2003; Sanz et al. 2015; van Houcke et al.
2017). Chlorophyll ¢,, chlorophyll a, and pheophytin a deriv-
atives (hydroxyl, methoxylactone, and ethoxylactone
forms) were also detected. Although these derivatives
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Fig. 8 Combination index (CI) for the association of alloxanthin
(14.5 uM, 41Csp) with vemurafenib (1-100 uM) (a) or dacarbazine (1—
100 uM) (b) in the MTT assay (72 h of treatment), calculated according to

are naturally occurring in microalgae (Hynninen 1981;
Baudelet et al. 2013; Juin et al. 2015; Haguet et al.
2017), they may have originated during the extraction
procedure due to the high chlorophyll instability.
Chemical structures of the main identified molecules
are presented in supplementary data.

Antiproliferative Activity of Rs-EtOH

The antiproliferative activity of Rs-EtOH against A2058 cells
was also evaluated. Rs-EtOH induced a concentration-
dependent reduction of cell viability when compared with
the control group, reaching 38.81+2.70% growth inhibition
at the maximum concentration tested (100 pg ml™1). The ICs,
estimated to Rs-EtOH was > 100 pg ml™', indicating a weak
antiproliferative effect (supplementary data). However, the
Rs-EtOH composition includes carotenoids unpreviously in-
vestigated for their anticancer potential, such as alloxanthin
and crocoxanthin. Therefore, we fractionated Rs-EtOH in or-
der to evaluate the antiproliferative effect of its isolated
pigments.

Purification and Characterization of Alloxanthin
and Crocoxanthin

Flash liquid chromatography fractionation of Rs-EtOH
(100 mg) led to the achievement of ten fractions (F1-F10),
collected according to their UV absorption in a 450-
nm monitored elution (supplementary data). After
UPLC-DAD-MS/MS analysis, F5 and F8 were identified
as alloxanthin (1) (4.2 mg) and crocoxanthin (2)
(1.2 mg), respectively. All experimental spectral data
(supplementary data) were in accordance with literature
(Baudelet et al. 2013; Rodriguezl 2000; Sanz et al.
2015), and carotenoid purity grade was >95% (UPLC-
DAD chromatogram, 300-800 nm). Subsequently, we
evaluated the antiproliferative activity of alloxanthin
and crocoxanthin against melanoma cells.
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data shown in Table 2. CI=1 indicates additive effect, CI< 1 indicates
synergism, and CI> 1 indicates antagonism, according to Chou-Talalay
method (Chou and Talalay 1984)



Alloxanthin and Crocoxanthin Inhibit Proliferation
of A2058 Cells

Alloxanthin and crocoxanthin (1-100 puM) induced a
concentration-dependent reduction in the number of
A2058 cells when compared with the control group,
showing ICsg of 29 and 50 uM, respectively (Fig. 2).
Untreated cells exhibited regular epithelial morphology
and became sub-confluent after 72 h, indicating a high
proliferation rate. In contrast, alloxanthin and
crocoxanthin (50 and 100 uM) treatments induced re-
duction in cell density, cell shrinkage, and appearance
of rounding cells (black arrows) (Fig. 2).

Alloxanthin Inhibits Cell Migration

In the cell migration assay, alloxanthin (14.5 pM, }2ICs;) de-
creased cell migration into the zone free of cells (Fig. 3) after
24 h and 48 h of exposure. However, crocoxanthin (25 uM,
1ICs50) did not significantly suppress cell migration compared
with control cells.

Pro-apoptotic Effect of Alloxanthin and Crocoxanthin

Several in vitro and in vivo studies have shown that the
anticancer activity of carotenoids involves multiple
mechanisms, including suppression of cell proliferation
and mobility, and induction of apoptosis (Sathasivam
and Ki 2018; Sugawara et al. 2014; Wang et al.
2014). In fact, modulation of pro-apoptotic pathways is
a major biochemical response promoted by carotenoids.
Typically, carotenoids up regulate the expression of im-
portant pro-apoptotic proteins (e.g., Bad, Bax, Bid,
Bim), while decrease the expression of anti-apoptotic
targets (e.g., Bcl-xL, Bcl-2), resulting in cell death
(Juin et al. 2018; Kumar et al. 2013). In this paper,

the pro-apoptotic effect of alloxanthin (29 uM, ICsg)
and crocoxanthin (50 uM, ICsy) on A2058 cells was
also investigated. After 72 h of exposure, the number
of Annexin V and 6-CFDA double-stained cells (early
apoptotic cells) was expressively increased for both
treatments when compared with untreated cells. In addi-
tion, alloxanthin- and crocoxanthin-treated cells showed
significant morphological changes, such as cell shrink-
age and rounding, and tendency to form cell clumps and
apoptotic bodies (Fig. 4).

Caspase-3 activation displays an important role in cell
death via the intrinsic and extrinsic apoptosis pathways.
Caspase-3 is a final executor caspase, responsible for apopto-
tic chromatin condensation and DNA fragmentation, resulting
in cell dismantling and formation of apoptotic bodies (Porter
and Ja 1999). In this context, we evaluated the effect of
alloxanthin (29 uM) and crocoxanthin (50 uM) on caspase-
3 activity and nuclear fragmentation through enzymatic assay
and DAPI staining, respectively. As shown in Fig. 5, both
carotenoids induced a significant increase in caspase-3 activ-
ity after 72 h of treatment. In addition, treated cells showed
blebbing, DNA condensation and fragmentation (Fig. 5) com-
pared with untreated cells, confirming the pro-apoptotic effect
of alloxanthin and crocoxanthin in melanoma cells.

Alloxanthin and Crocoxanthin Induce Accumulation of
Sub-G1 Cells

Flow cytometry analysis revealed a significant increasing
in sub-G1 cell population after exposure to alloxanthin
(29 uM, ICsq) and crocoxanthin (50 uM, ICsg), characteristic
of dying cells (Fig. 6). Quantitative analysis using BD FACS
Diva Software indicated 3.60 + 0.44% of control cells were in
sub-G1 phase in comparison with 6.30+0.43 and 6.72 +
0.43% of alloxanthin- and crocoxanthin-treated cells, respec-
tively (p <0.05) (Fig. 6). This result corroborates the pro-
apoptotic effect observed previously for both molecules, with-
out affecting the other cell cycle phases.



Alloxanthin Sensitizes A2058 Cells to Chemotherapy

Due to their metastatic and chemoresistant potential (de
Oliveira Junior et al. 2019), A2058 cells represent a good cell
model to evaluate the chemosensitizing effect of cytostatic
agents. They express the oncogenic BRAF V600E mutation,
present in 40-70% of clinical cases (Flaherty and McArthur
2010). Although target therapies using BRAF inhibitors (e.g.,
vemurafenib) have improved the treatment of metastatic mel-
anoma, most patients develop resistance mechanisms that lim-
it therapeutic efficacy (Chapman et al. 2011; Chakraborty
et al. 2013; Tentori et al. 2013). In this sense, we evaluated
the chemosensitizing effect of R. salina carotenoids using the
MTT assay. Alloxanthin and crocoxanthin (}21Cs,) were com-
bined with increasing concentrations of vemurafenib (BRAF
inhibitor) or dacarbazine (alkylating agent), and tested for
72 h. As shown in Fig. 7, A2058 cells were sensitive to
vemurafenib (ICso=11.71 uM) but resistant to dacarbazine
(IC50>100 uM). Crocoxanthin was not able to potentiate
the antiproliferative activity of both anticancer drugs.
However, alloxanthin enhanced the antiproliferative effect of
vemurafenib by reducing its ICso from 11.71 to 2.54 uM.
Furthermore, alloxanthin restored the sensitivity of melanoma
cells to dacarbazine (IC5o=28.31 uM for combined treat-
ment) (Table 2), reducing significantly cell density compared
with monotherapy (Fig. 7).

In order to better characterize the sensitizing effect of
alloxanthin, combination index (CI) was calculated for com-
bined therapies (alloxanthin + vemurafenib and alloxanthin +
dacarbazine) using the Chou-Talalay method (Chou and
Talalay 1984). CI values were used to check whether the an-
tiproliferative effect was due to an additive (CI = 1), synergis-
tic (CI < 1), or antagonistic (CI > 1) effect. As shown in Fig. §,
alloxanthin + vemurafenib combination resulted in a synergis-
tic effect at 14.5+5, 14.5+ 10, and 14.5 + 50 uM treatments,
while alloxanthin + dacarbazine treatment resulted in a syner-
gistic effect at the highest concentrations (14.5 + 50 or
100 puM, respectively). In this sense, alloxanthin contributes
to the antiproliferative effect of vemurafenib and dacarbazine,
and may cooperate to reduce resistance in melanoma cells
expressing BRAF mutation.

Conclusion

This report establishes for the first time a complete pigment
profile of R. salina, a cryptophyte microalga widely used in
aquaculture and possessing an invaluable interest in the phar-
maceutical and nutraceutical sectors. Alloxanthin and
crocoxanthin were identified as promising antiproliferative
molecules against chemoresistant melanoma cells. These ca-
rotenoids limit growth inhibition, reduce cell migration, and
induce apoptosis and accumulation of sub-G1 cells. In

addition, alloxanthin potentiates the antiproliferative activity
of vemurafenib, a BRAF inhibitor, and restores the sensitivity
of A2058 cells to dacarbazine, a conventional alkylating agent
commonly used for melanoma treatment. Although further
and in-depth investigations are needed, the present study dem-
onstrates that marine carotenoids may be used as adjuvants,
improving the sensitivity of melanoma cells to chemotherapy.
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