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Abstract: There is a growing interest in the cytotoxic effects of bioactive glycoalkaloids, such as
a-tomatine on tumor cells. Here, for the first time, we determine the antitumor potential of tomatine,
a mixture of x-tomatine and dehydrotomatine, in metastatic melanoma (MM) cell lines harboring
different BRAF and MC1R variants. We performed cytotoxicity experiments and annexin-V/propidium
iodide staining to assess the apoptotic/necrotic status of the cells. ER stress and autophagy markers
were revealed by Western Blot, whereas antiangiogenic and vascular-disrupting effects were evaluated
through a capillary tube formation assay on matrigel and by ELISA kit for VEGF release determination.
Cell invasion was determined by a Boyden chamber matrigel assay. Tomatine reduced 50% of
cell viability and induced a concentration-dependent increase of apoptotic cells in the range of
0.5-1 uM in terms of x-tomatine. The extent of apoptosis was more than two-fold higher in
V6WBRAF-D184H/D184H MCIR cells than in BRAF wild-type cells and Y®®"BRAF-MC1R wild-type
cell lines. Additionally, tomatine increased the LC3I/Il autophagy marker, p-elF2«, and p-Erk1/2 levels
in BRAF wild-type cells. Notably, tomatine strongly reduced cell invasion and melanoma-dependent
angiogenesis by reducing VEGF release and tumor-stimulating effects on capillary tube formation.
Collectively, our findings support tomatine as a potential antitumor agent in MM.

Keywords: metastatic melanoma; tomatine; angiogenesis; apoptosis; autophagy

1. Introduction

Malignant melanoma is an aggressive type of tumor that mainly occurs on the skin, and it is
characterized by poor prognoses for patients with metastatic disease. Despite novel therapeutic
approaches, the treatment of metastatic melanoma (MM) still remains challenging. Therefore,
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additional efforts should be made to find more effective strategies for such a disease. Many studies on
molecular mechanisms underlying metastatic melanoma progression have highlighted the pivotal role
of biochemical pathways involved in endoplasmic reticulum (ER) stress, autophagy, and translational
reprogramming [1-3]. We previously demonstrated that the activation of such tumorigenic pathways
was strictly related to the genetic status of BRAF and melanocortin 1 receptor (MC1R) [1,2,4,5].
In particular, the V6OBRAF mutation and its relation with the MC1R—cAMP-MITF-PGC-1« axis
switches on a metabolic reprogramming in melanoma, leading to decreased OXPHOS (oxidative
phosphorylation) activity and increased HIF-1x expression. Additionally, ER stress has been associated
with variations in tumor angiogenesis [6,7], which is known to play a key role in cancer growth
and invasion.

In the last few years, there has been a growing interest in the beneficial effects of plant compounds
and also marine-derived fungi and marine red algae [8,9]. In particular, glycoalkaloids extracted from
plants have been investigated for their pharmaceutical and toxicological properties [10,11]. Among these
glycoalkaloids is tomatine, a 10:1 mixture of o-tomatine and dehydrotomatine extracted from
tomatoes [12,13]. Tomatine inhibits the growth of many types of human cancer cells, such as colon, breast,
leukemia, lung, and prostate [14], and it has the ability to enhance apoptosis of androgen-independent
human prostate cancer when given in combination with chemotherapy [15,16]. Interestingly,
tomatine has proven to activate caspase-independent apoptosis by inducing the translocation of
AIF (apoptosis-inducing factor) from mitochondria to the nucleus, in a neuroblastoma cell line,
by triggering the p-ERK/elF2 o branch of the unfolded protein response [17]. Additionally, tomatine has
shown antibiotic, anti-inflammatory, antioxidative, cardiovascular, and immune-stimulating effects,
although the mechanisms of these actions need further investigation [10,16]. Currently, no data are
available regarding the effects of tomatine on metastatic melanoma.

Furthermore, recent reports have recognized naturally occurring plant-derived substances, such as
alkaloids, as antitumor agents endowed with antiangiogenic properties [18]. No data are available on
the antiangiogenic effect of tomatine. Here, we seek to evaluate the antitumor potential of tomatine
through the evaluation of its effects on proliferation, cell invasion, and tumor-angiogenesis in metastatic
melanoma cells with different genetic contexts, basal autophagy, and the activation status of the «
subunit of translation initiation factor 2 (p-elF2«x).

2. Results

2.1. Tomatine Composition

To explore the relevance of the response to tomatine in MM models, commercial tomatine was
preliminarily characterized by HPLC-ESI-QqQ-MS/MS analyses. Tomatine revealed a mixture of the
two glycoalkaloids a-tomatine and dehydrotomatine, corresponding to 87.1 + 1.6% and 13.0 + 0.8%,
respectively (Figure S1), according to [13]. The mixture of the two components and their ratio is
comparable to that measured in tomatine extracts from tomato fruits and various vegetative plant
tissues, for which the cytotoxic effect, evaluated in several types of cancer cells, has been ascribed to
a-tomatine [10]. In our experiments, we utilized tomatine, which is the mixture of x-tomatine and
dehydrotomatine, but since the active compound is «-tomatine, we reported the drug concentration of
this glycoalkaloid, expressed in micromolar (uM).

2.2. Tomatine Displayed Antitumor Potential in MM Cell Lines

In order to evaluate the cytotoxicity of tomatine, MM cell lines HBL, hmel-1, and M3 and normal
fibroblast cell line N-FB were treated with increasing concentrations (expressed in terms of x-tomatine),
as reported in Section 4. After 24 h of treatment, cell viability was reduced in a dose-dependent
manner in all cell lines, allowing the determination of the concentration of «-tomatine yielding 50%
inhibition of cell viability (ICsp). The ICs5y values were 0.53 + 0.04, 0.72 + 0.06, and 1.03 + 0.04 uM
for HBL, hmell and M3, respectively. Notably, tomatine was 10-fold less toxic in N-FB than MM cell
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lines since the ICs5q value was 9.58 + 0.6 uM. Dose-response plots, summarizing the data from three
independent experiments performed in MM cell lines, are reported in panel A of Figure 1, whereas in
panel B, the dot plot shows the dose-response curves of all tested cell lines, allowing for a comparison
of cytotoxic effects.
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Figure 1. Cytotoxicity of tomatine in melanoma cell lines and in N-FB. (a) Cell viability (%)/dose plots
of the mean of three different experiments + SD conducted on HBL, hmel-1, and M3 melanoma cancer
cells. In each experiment, every drug concentration (expressed in terms of «-tomatine) was repeated in
six identical wells. The inserts in each graph report the ICsy values calculated using Calcusyn software.
(b) Dot plot showing the dose-response curves of all tested cell lines, allowing for a comparison of
cytotoxic effects.

To further explore the antitumor potential of tomatine, we performed a Boyden chamber matrigel
assay to analyze the effect of tomatine on cell invasion. As reported in Figure 2a, melanoma cells
showed significant motility in a basal condition; conversely, the addition of tomatine considerably
reduced the invasiveness of the cells. As quantified in Figure 2b, tomatine reduced the invasiveness by
about 30-35% at the a-tomatine concentration of 0.5 uM and about 65-80% at 1 uM, suggesting the
high inhibitory potential of tomatine on the invasive behavior of such MM cell models.
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Figure 2. Effect of tomatine on melanoma cancer cell invasion. (a) Tomatine-dependent decrease of
cancer cells invasion through matrigel-coated porous filters (magnification 50x). (b) Percentage of
invasion in melanoma cells treated with tomatine (0.5-1 uM in terms of x-tomatine). Data are shown
as mean * SD of three different experiments performed in triplicate. ** p < 0.01 and *** p < 0.001,
relative to vehicle-treated cells.

2.3. Tomatine Induced Cell Death through Apoptosis in Metastatic Melanoma Cells

To verify whether the cytotoxic effect was due to the induction of apoptosis, we performed
annexin-V/PI staining of the cells, followed by flow cytometry analysis. For this purpose, we treated the
MM cell line with tomatine at three different concentrations of a-tomatine (0.25, 0.5, and 1 uM) for 24 h.
The results of the analysis, reported in Figure 3, showed that tomatine induced concentration-dependent
apoptosis in all cells. However, in Y®BRAF M3 carrying a homozygous MC1R polymorphism,
the percentage of annexin-V/PI positive cells was two-fold higher than in hmel-1 and HBL, in which
tomatine induced comparable levels of apoptosis. Further evaluations, performed after 48 h,
confirmed M3 as the most sensitive cell line to the proapoptotic effect of tomatine since the percentage of
apoptotic cells increased nearly five-fold at 1 pM «-tomatine versus vehicle-treated cells (data reported
in Figure 52).
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Figure 3. Apoptosis induced by tomatine in melanoma cell lines. HBL, hmel-1, and M3 cell lines
were treated for 24 h with tomatine at 0.25, 0.5, and 1 uM (expressed as x-tomatine concentrations);
afterwards, the cells were stained with annexin-V/PI and analyzed by FACS. (a) Representative analysis
of annexin-V/PI stained cells; (b) histograms of the % of annexin-V (early apoptosis) and annexin-V/PI
(late apoptosis)-positive cells in vehicle-treated cells and tomatine-treated ones. The results show
the mean + SD of three independent experiments. Data are shown as mean + SD of three different
experiments performed in triplicate. * p < 0.05, ** p < 0.01, and *** p < 0.001 of apoptosis (early + late),
with respect to vehicle-treated cells.

2.4. Tomatine Induced Autophagy in BRAF Wild-Type Cell Line

We previously reported that high levels of autophagy and chronic ER stress were strictly associated
with a VO9BRAF genetic context in MM cells [1]. Hence, we investigated the effects of tomatine on the
activation/expression levels of p-elF2cc and LC3 II/I in hmel-1 and M3 cell lines, compared to BRAFwt
HBL cells. For this purpose, Western blotting analysis was performed on protein extracts from all cell
lines treated with tomatine at 1 uM in terms of x-tomatine versus vehicle-treated ones. We found
that tomatine induced a significant increase in p-eIF2« levels only in HBL cells (Figure 4a). No effect
was found in other cell lines. According to these results, we also found an increased LC3II/I ratio in
only the BRAFwt cell line (HBL), while no significant variations in both p-elF2cc and LC3II/I levels
were observed in hmel-1 and M3 cell lines (Figure 4b). Furthermore, as also reported in previous
research, high levels of autophagy and ERK phosphorylation were strictly associated to a Y®"’BRAF
genetic context [1]. We investigated the effect of tomatine on ERK1/2 activation to understand if the
tomatine-dependent increase of autophagy and p-elF2« levels could be associated with increased
phosphorylation of ERK1/2. Western blot analysis showed a significant increase of p-ERK levels after
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treatment with 1 uM tomatine in HBL cells, whereas no significant variations were observed in hmel-1
and M3 cell lines (Figure 4c). Collectively, these results suggest that tomatine induced ER stress,
autophagy, and apoptosis in the HBL cell line with BRAFwt status.
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Figure 4. The effect of tomatine on the activation/expression levels of p-elF2a and LC3 II/I, respectively,
and on ERK phosphorylation levels in hmel-1 and M3 cells compared to BRAFwt HBL cells.
(a) Representative Western blot of elF2« and p-eIlF2« levels, performed on whole cell lysates. Bar graph
shows the p-elF2«/elF2« ratio calculated by densitometric analysis of the protein bands, normalized to
tubulin, used as loading control. (b) Representative Western blot of LC3-I and LC3-II levels, performed
on whole cell lysates. Bar graph shows the LC-II/LC-I ratio calculated by densitometric analysis of the
protein bands, normalized to tubulin, used as loading control. (c) Representative Western blot analyses
of pERK and ERK levels on whole cell lysates. Bar graph shows the pERK/ERK ratio, calculated by
densitometric analysis of the protein bands, normalized to tubulin, used as loading control. Values are
the mean + SEM of three independent experiments, expressed as a percentage of the HBL value.
Significance was calculated with Student’s test; * p < 0.05, ** p < 0.005 vs. vehicle-treated cells.

2.5. Tomatine Displayed Antiangiogenic and Vascular Disrupting Effect

The ability of N-MVECs (microvascular endothelial cells, human dermal microvascular endothelial
cells) to move within ECM (extracellular matrix) is the basic requirement in the formation of ordered
cords of endothelial cells. The final angiogenic event requires N-MVEC to organize in the interconnection
of tubular structures appointed to give origin to blood vessels. We studied capillary tube formation
on matrigel. In this assay, N-MVEC produced elongated processes that resulted in the formation of
anastomosing cords of cells resembling a capillary plexus [19]. We investigated the effects of tomatine
in melanoma-dependent angiogenesis in a vascular-disrupting assay and a neoangiogenesis assay;,
as described in the Material and Methods section. The addition of tomatine (0.5 and 1 pM in terms of
a-tomatine) to the newly formed capillary-like structures, after 3 h incubation with melanoma cell
conditioned media (CM), disrupted the network in the presence of HBL and M3 CM, and this effect
increased over the following 9 h (data not shown). In contrast, hmel-1-CM seemed to protect the
vessels from the vascular disruption activity of tomatine (Figure 5).
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Figure 5. Effect of tomatine on melanoma-dependent vascular disruption of N-MVECs (microvascular
endothelial cells, human dermal microvascular endothelial cells). Cells (12 x 103) were plated on
10-12 mg/mL matrigel-coated tissue culture wells, treated immediately with melanoma cells CM,
and after 3 h with tomatine (0.5 and 1 uM in terms of x-tomatine). The cells were photographed 9 h
after plating. Six to nine photographic fields from three plates were scanned for each point, considering
as 100% the area occupied by untreated N-MVECs. The results shown are representative of three
different experiments.

Since the treatment of N-MVECs with hmel-1-CM stimulated neoangiogenesis and protected
endothelial cells from tomatine inhibitory effects, we evaluated the release of VEGF by tumor cells
before and after tomatine treatment. The data reported in Figure 6a demonstrated that hmel-1 released
the highest amount of VEGF with respect to HBL and M3 cells (1383.41 vs. 326.98 and 73.38 pg/mL).
Furthermore, the addition of tomatine to tumor cell lines drastically inhibited the release of the
proangiogenic factor from hmel-1 cells with regards to HBL and M3 (837.25 vs. 261.91 and 75.59 pg/mL).
Based on these results, a new capillary morphogenesis assay was performed in the presence of
hmel-1-CM from cells pretreated with 1 uM in terms of «-tomatine for 24 h. As shown in Figure 6b,
the proangiogenic effect shown in N-MVECs in the presence of hmel-1-CM was drastically reduced
with the tomatine-pretreated hmel-1-CM. In order to evaluate whether the effect of tomatine is closely
linked to the tumor-derived VEGEF, we carried out a capillary morphogenesis assay by adding external
VEGEF (Figure 6¢) to N-MVECs in the experimental conditions previously described. The angiogenetic
ability of N-MVECs was partially restored by adding VEGF to pretreated hmel-1-CM, which revealed
a correlation between the effects of tomatine treatment and the VEGF released by hmel-1.
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Figure 6. Effect of tomatine on VEGF release by metastatic melanoma (MM) cell lines and capillary
morphogenesis in N-MVECs. (a) The graph displays the VEGF release by HBL, hmel-1, and M3
cells in basal conditions and after tomatine (1 uM in terms of x-tomatine) treatment. Values are

means + SD of three independent experiments; significance was calculated with Student’s t-test;
*** p < 0.001 significantly different from basal control. (b) Effect of conditioned medium of hmel-1
and tomatine-pretreated hmel-1-CM, with or without external VEGF. (c) On capillary morphogenesis

of N-MVECs.

We further evaluated the tomatine effects on tumor neoangiogenesis. Figure 7 shows that after 6 h
from plating on matrigel, N-MVECs produced networks of branching cords of cells. The ability to form
a stable and tight network can be strengthened by the addition of melanoma cell CM. In particular,
a stronger increase of the capillary formation (130% + 10%) was observed in the presence of CM from a
highly MM hmel-1 cell line; the phenomenon was minor (120% =+ 15%) in HBL-CM and it was almost
absent in M3—-CM. In the presence of 0.5 uM in terms of x-tomatine, the neoangiogenesis was not
affected by hmel-1-CM, while it decreased about 30-40% in the presence of HBL-CM and M3-CM,
suggesting less proangiogenic properties of the latter compared to the hmel-1 cell line.
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Figure 7. Effect of tomatine on melanoma-dependent neoangiogenesis of N-MVECs. Cells were plated

on matrigel-coated tissue culture wells and treated with melanoma cell CM in the presence or absence
of tomatine (0.5 and 1 uM expressed as x-tomatine concentrations). The cells were photographed 6 h
after plating. The results shown are representative of three different experiments.

Interestingly, we observed a substantial reduction of neoangiogenesis when we used 1 uM
tomatine in all the conditions, demonstrating the notable effect of this compound on neoangiogenesis.

3. Discussion

Several studies have indicated that o-tomatine inhibits the growth of various human cancer cell
lines within 148 h in a wide range of concentrations [20-25]. Our results show that commercial
tomatine inhibited both the cell invasion and cell viability of BRAFwt and V0'BRAF metastatic
melanoma cells within the range of 0.5-1 pM (expressed as «-tomatine concentration) after 24 h
treatment and highlight a previously unknown ability of the bioactive compound as an antiangiogenic
and vasculature-disrupting agent that is far less toxic to normal fibroblasts. We found that tomatine
induced an autophagic phenotype in BRAFwt cells, similar to that displayed in basal conditions by
V60OBRAF cell lines. It is noteworthy that together with the autophagic phenotype, BRAFwt cells (HBL)
treated with tomatine showed similar levels of ER stress marker p-elF2«x to those of hmell and M3 at
the basal level, together with an increase of p-ERK1/2 level, thus suggesting that these conditions are a
prerequisite for cell death induction by tomatine in such cells. ER stress is an adaptive response of cells,
occurring when ER fails to cope with the excess of misfolded/unfolded protein loads, and it activates
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the unfolded protein response (UPR). The activation of this pathway may drive back the system to
the former condition through the activation of autophagy, or alternatively, may result in apoptotic
cell death during excessive levels of ER stress [26]. If the ER stress is not tolerable, cells undergo
apoptosis, and the UPR promotes the phosphorylation of the o subunit of translation initiation factor 2
(elF2«x), generating a general attenuation of translational processes [27]. Therefore, we can speculate
that the activation of the ER stress response led to an autophagic phenotype and a general attenuation
of translational processes, with a consequent reduction of cell proliferation and apoptosis induction in
the HBL cell line.

Instead, the physiological levels of ER stress and ERK1/2 activation and autophagy were enough
to shift the balance towards apoptosis in the other cell lines, and perhaps, the apoptosis expanded in
M3 from prolonged ER stress response activation in these cells. Accordingly, Wang at al. [25] reported
that a-tomatine induced ER stress and triggered both caspase-dependent and caspase-independent
apoptosis. Additionally, several authors recently reported a correlation between cellular stress response,
translational reprogramming, and autophagy and apoptosis induction in the presence of a persistent
upstream stress condition [28-30].

Translational control during endoplasmic reticulum stress plays a crucial role in tumor-dependent
angiogenic processes. In basal conditions, hypoxia is associated with an increase in HIF-1« levels and
a consequent increase of VEGF expression [31]. However, an upregulation of VEGF is also induced
by ER stress [32]. The translation of VEGF [33], as well as of genes implicated in autophagy [34],
is regulated by elF2« phosphorylation. As a consequence, p-elF2« induces an increase in nutrient
supply by stimulating angiogenesis and recycling organelles. Accordingly, we found that hmell cells,
which displayed a high basal level of p-elF2« and HIF-1«, as reported in our previous characterization
of such cells [1], released the highest amount of VEGF compared to other cell lines. Therefore, we can
speculate that in hmell, as a result of a basal condition of ER stress, a high physiological level of p-el[F2x
sustained the release of VEGE, which was strongly reduced by tomatine. Hence, the principal effect of
tomatine in the hmell cell line may be related to the inhibition of VEGF release by cells, as demonstrated
by the VEGF-restoring effect on capillary tube formation in the specific assay conducted by adding
external VEGF to N-MVECs in the presence of hmell-pretreated tomatine-derived CM. The CM from
other cell lines was less protective against the tomatine antiangiogenic effect, perhaps because these
cells released less VEGF than hmell; other proangiogenic factors may be involved. Aside from the need
to confirm our in-vitro results in corresponding in vivo models, collectively, our findings show that
tomatine inhibits cell viability as well as the invasive behavior of MM cell lines, and, more importantly,
displays valuable antiangiogenic and vascular disrupting effects only in experimental conditions that
mimic a proangiogenic tumor microenvironment, perhaps by affecting the ER/p-elF2«/VEGF axis of
tumor angiogenesis.

4. Materials and Methods

4.1. Tomatine: HPLC of Chemical Compounds

Tomatine (>75%) was purchased from TCI Chemicals Europe (Zwijndrecht, Belgium). Its actual
composition was determined by reverse-phase liquid chromatography, using an HPLC Agilent 1200
Series system (Agilent Technologies, Milano, Italy) coupled with a TSQ Quantum Access mass
spectrometer (Thermo Scientific, Milano, Italy), equipped with Electro-Spray ion source (ESI) and
triple quadrupole analyzer (QqQ), employing the method previously described by Tamasi et al. [13].

4.2. Cell Culture

In the current study, three melanoma cell lines (hmel-1, M3, HBL) were utilized. Hmel-1 and
M3 were extracted from skin metastases obtained from human sporadic melanoma biopsy specimens
after the informed consent of patients. All cell lines were genotyped for NRAS BRAF and MC1R
(Table 1), as described in [1,35,36]. HBL melanoma cells (BRAFwt) were a gift from Prof. G. Ghanem,
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Université de Bruxelles, Belgium, which were used as a control for all experiments. In addition,
endothelial cells were studied. In detail, N-MVECs (microvascular endothelial cells, human dermal
microvascular endothelial cells) were purchased from Lonza (Basel, Switzerland). Cell culture media
used for MM cells was high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) I-glutamine, and 1% (v/v) penicillin/streptomycin at
37 °C in a humidified atmosphere at 5% CO;. All materials for cell culturing were purchased from
EuroClone, Italy. The EGMTM-2 Endothelial Growth Medium-2 BulletKit™ from Lonza, Switzerland,
was used for N-MVEC cell culture. N-FB (normal human dermal fibroblasts, Lonza, Switzerland) were
grown in an FGM-2 BulletKit (Lonza, Switzerland) supplemented with 2% FBS.

Table 1. Genotype of melanoma cell lines analyzed.

Cell Line Extracted from MCI1R NRAS BRAF Exon 15
HBL metastasis wt/wt wt/wt wt/wt
Hmel-1 metastasis wt/wt wt/wt V600 K/wt
M3 metastasis D184H/D184H wt/wt V600E/V600E

4.3. Cytotoxic Assay

Cells were seeded in 96-well culture plates at a density of 5000 cells/well. After 24 h, the culture
medium was replaced with fresh medium (100 pL), with tomatine at increasing concentrations ranging
between 0.12 and 2.38 mg/L (corresponding to 0.1-2 uM of a-tomatine; Figure 1). Then, cells were
further incubated for 24 h and cell viability was assessed by MTT assay, as previously described [37].
Results were expressed as ICs (the half-maximal inhibitory concentration of «-tomatine) or as % cell
viability at the tested doses and were reported as dose-response curves using Calcusyn software,
which allows ICsy determination.

4.4. Invasion Assay

A Boyden chamber was used to evaluate invasive ability through matrigel-coated porous filters,
as described by [38]. Briefly, 50 mL of cell suspension (8 x 10° cells) was placed in the upper
compartment of the chamber, and migration was allowed to occur for 6 h. For assessment of the
invasion, tomatine (0.5 and 1 pM in terms of x-tomatine) were dissolved in culture medium and placed
in the upper and lower wells. The filter was removed and fixed in methanol. Nonmigrating cells on the
upper surface of the filter were removed with a cotton swab, while migrated cells, adhered on the lower
filter surface (pore-size 8 pm), were stained with Diff-Quick (Mertz-Dade AG, Dade International,
Milan, Italy) and counted using a light microscope (OLYMPUS CKX41) on the whole migration surface
per well. Mobilization was measured by the number of cells moving across the filter. Experiments
were performed in triplicate. Migration was expressed as the mean + standard deviation (SD) of
the percentage of basal response. Data were indicated with * p < 0.01, and ** p < 0.001 compared to
relative control.

4.5. Apoptosis Assay

The annexin-V-propidium iodide (PI) staining apoptosis test [36] was performed on HBL,
hmel-1, and M3 cells after 24 h of incubation, with tomatine in the range of 0.25-1 uM in terms of
a-tomatine. The cells were treated according to the instructions provided by the manufacturer. Briefly,
after incubation time (24 h) at 37 °C and 5% CO,, cells were washed with PBS, suspended in binding
buffer and then added with annexin-V FITC and PI for 20 min. The samples were then read by a flow
cytometer, FACScan (Becton Dickinson, Milano, Italy).
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4.6. Western Blot Analysis

Cells were suspended in hypotonic medium supplemented with an antiproteases cocktail tablet
(Roche, Basel, Switzerland) and freeze-thawed three times to obtain total proteins. Western blotting
analysis was performed, essentially as described by Ferretta et al. [39]. Total protein content was
measured by the Bradford method, and 35 pg was electrophoretically separated on 10% acrylamide
gel (Tris-Tricine SDS-PAGE) and transferred to the nitrocellulose membranes of a Trans-Blot® Turbo™
Transfer Pack (#1704158, Bio-Rad, Segrate/Milano, Italy). Blots were blocked for 2 h in blocking buffer
(PBS bulffer, pH 7.4, with 0.2% Tween 20 and 5% nonfat milk) and incubated with primary antibody.
Western blotting analysis of ERK/pERK was as described in Zanna et al. 2013 [35], and phosphorylated
pelF2a/elF2x was performed as described in Maida et al. (2019) [2]. The polyclonal antibodies,
anti-e[F2x, and anti-pelF2x Ser51 were purchased from Cell Signaling Technology, Danvers, MA,
USA [35]. The lipid-conjugated form of LC3 (LC3 II) localizes to the membranes of autophagosomes,
and it can be separated from the nonconjugated form (LC3 I) by immuno-blotting since LC3 1II
migrates faster than LC3 I due to the extreme hydrophobicity of LC3 II. For LC3 detection, total cell
proteins (30 ug) were separated on 12% Tris-Glycine SDS-PAGE and transferred onto nitrocellulose
membranes. Western blot analysis was performed using a specific antibody against LC3B (Cell Signaling
Technology). The secondary antibody was anti-rabbit HPR and anti-mouse HR (Millipore, Milano,
Italy). Protein was detected by the chemiluminescent detection system (Bio-Rad), and the signal was
quantified by densitometric analysis using the Chemidoc imaging system (Bio-Rad). The band intensity
was quantitatively determined by densitometric analysis using Image Lab Software 5.2.1 (Bio-Rad
Laboratories, Segrate/Milano Italy), and protein level intensity was normalized to tubulin expression.
(Figure S3)

4.7. Angiogenesis and Vascular Disruption Assays

The ability of N-MVECs to move within ECM is the basic requirement to form ordered cords of
endothelial cells. The final angiogenic event requires N-MVECs to organize in interconnecting tubular
structures appointed to give origin to blood vessels. We have studied the capillary tube formation
on matrigel. In this assay, N-MVECs produce elongated processes that eventuate in the formation of
anastomosing cords of cells resembling a capillary plexus.

Matrigel (50 pL; 10-12 mg/mL) was pipetted into 0.64 cm (diameter) tissue culture wells and
polymerized for 30 min to 1 h at 37 °C, as described in [40]. N-MVECs were plated (12 x 103/mL)
in EGM-2 (endothelial growth medium, EGM™-2MYV BulletKit™ Lonza, Switzerland) and 2% FBS.
Capillary morphogenesis was performed in the presence of hmel-1- and M3-conditioned medium and
tomatine (0.5-1 uM in terms of a-tomatine). Vascular disruption was evaluated in the same conditions
as capillary morphogenesis, adding tomatine after three hours from cell seeding in the presence of
the conditioned medium. The effects on morphogenesis and vascular disruption of endothelial cells
were recorded after 6 h with an inverted microscope. Results were quantified at 6 h by measuring the
percent field occupancy of the capillary projections. Six to nine photographic fields from three plates
were scanned for each point.

4.8. Analysis of VEGF Release

Cells were incubated with or without 1 uM tomatine, and cell supernatant from each sample
was utilized for the quantification of VEGF release by the Quantikine Human VEGF immunoassay
(R&D Systems Minneapolis, MN, USA), as described in [41].

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/15/5243/s1,
Figure S1. Multiple Reaction Monitoring (MRM) chromatogram (via positive ion HPLC-ESI-QqQ-MS/MS analysis)
of the commercial tomatine showing the presence of a-tomatine and dehydrotomatine. Figure S2: Analysis of
Apoptosis after 48 h. Figure S3: Western blot images preformed on whole cell lysates and densitometric analysis
of protein expression.


http://www.mdpi.com/1422-0067/21/15/5243/s1

Int. J. Mol. Sci. 2020, 21, 5243 13 of 15

Author Contributions: Conceptualization, A.A., L.P., and G.G.; methodology, S.S., RM.L, L.P, AF, and LM,;
formal analysis, S.S., A.A., L.P, and G.G.; investigation, S.S., L.P., RM.I,, A.F,, and .LM.; data curation, A.A., L.P,
S.G., A.F, and G.G,; writing—original draft preparation, S.S., A.A., L.P, S.G., and G.G.; writing—review and
editing, S.T., T.C., G.T., C.R., and M.M.; supervision, A.A. and G.G.; funding acquisition, A.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian Ministry of Health, grant Ricerca Corrente 2018-2020 “Meccanismi
e strategie per superare la farmaco-resistenza alla terapia target-oriented o all'immunoterapia nel melanoma
metastatico”, and grant “Fondi di Ateneo” from the University of Bari, Italy.

Acknowledgments: We would like to thank Lewis Parrin for language editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ferretta, A.; Maida, 1.; Guida, S.; Azzariti, A.; Porcelli, L.; Tommasi, S.; Zanna, P.; Cocco, T.; Guida, M.;
Guida, G. New insight into the role of metabolic reprogramming in melanoma cells harboring BRAF
mutations. Biochim. Biophys. Acta 2016, 1863, 2710-2718. [CrossRef] [PubMed]

2. Maida, I.; Zanna, P.; Guida, S.; Ferretta, A.; Cocco, T.; Palese, L.L.; Londei, P; Benelli, D.; Azzariti, A.;
Tommasi, S.; et al. Translational control mechanisms in cutaneous malignant melanoma: The role of elF2«.
J. Transl. Med. 2019, 17, 20. [CrossRef] [PubMed]

3.  Falletta, P,; Sanchez-Del-Campo, L.; Chauhan, J.; Effern, M.; Kenyon, A.; Kershaw, C.J.; Siddaway, R.; Lisle, R.;
Freter, R.; Daniels, M.].; et al. Translation reprogramming is an evolutionarily conserved driver of phenotypic
plasticity and therapeutic resistance in melanoma. Genes Dev. 2017, 31, 18-33. [CrossRef] [PubMed]

4. Guida, S.; Bartolomeo, N.; Zanna, P.T.; Grieco, C.; Maida, 1.; De Summa, S.; Tommasi, S.; Guida, M.;
Azzariti, A.; Foti, C.; et al. Sporadic melanoma in South-Eastern Italy: The impact of melanocortin 1 receptor
(MCIR) polymorphism analysis in low-risk people and report of three novel variants. Arch. Dermatol. Res.
2015, 307, 495-503. [CrossRef]

5. Guida, M,; Strippoli, S.; Ferretta, A.; Bartolomeo, N.; Porcelli, L.; Maida, I.; Azzariti, A.; Tommasi, S.; Grieco, C.;
Guida, S.; et al. Detrimental effects of melanocortin-1 receptor (MC1R) variants on the clinical outcomes of
BRAF V600 metastatic melanoma patients treated with BRAF inhibitors. Pigment Cell Melanoma Res. 2016,
29, 679-687. [CrossRef]

6.  Binet, F; Sapieha, P. ER stress and angiogenesis. Cell Metab. 2015, 22, 560-575. [CrossRef]

7.  Bartoszewska, S.; Collawn, J.F. Unfolded protein response (UPR) integrated signaling networks determine
cell fate during hypoxia. Cell. Mol. Biol. Lett. 2020, 25, 18. [CrossRef]

8. Pejin, B.; Jovanovic, K.; Mojovic, M.; Savic, A. New and highly potent antitumor natural products from
marine-derived fungi: Covering the period from 2003 to 2012. Curr. Top. Med. Chem. 2013, 13, 2745-2766.
[CrossRef]

9.  Pejin, B,; Jovanovic, K.; Savic, A. New antitumour natural products from marine red algae: Covering the
period from 2003 to 2012. Mini-Rev. Med. Chem. 2015, 15, 720-730. [CrossRef]

10. Friedman, M. Anticarcinogenic, cardioprotective, and other health benefits of tomato compounds lycopene,
a-tomatine, and tomatidine in pure form and in fresh and processed tomatoes. J. Agric. Food Chem. 2013,
61,9534-9550. [CrossRef] [PubMed]

11.  Friedman, M.; Levin, C.E; Lee, S.-U.; Kim, H.-J.; Lee, I.-S.; Byun, ].-O.; Kozukue, N. Tomatine-containing
green tomato extracts inhibit growth of human breast, colon, liver, and stomach cancer cells. ]. Agric.
Food Chem. 2009, 57, 5727-5733. [CrossRef]

12.  Friedman, M. Tomato glycoalkaloids: Role in the plant and in the diet. ]. Agric. Food Chem. 2002, 50, 5751-5780.
[CrossRef] [PubMed]

13. Tamasi, G.; Pardini, A.; Bonechi, C.; Donati, A.; Pessina, F.; Marcolongo, P.; Gamberucci, A.; Leone, G.;
Consumi, M.; Magnani, A.; et al. Characterization of nutraceutical components in tomato pulp, skin and
locular gel. Eur. Food Res. Technol. 2019, 245, 907-918. [CrossRef]

14. Jiang, Q.-W.; Chen, M.-W.; Cheng, K.-].; Yu, P.-Z.; Wei, X.; Shi, Z. Therapeutic potential of steroidal alkaloids
in cancer and other diseases. Med. Res. Rev. 2016, 36, 119-143. [CrossRef] [PubMed]

15. Lee, S.-T.; Wong, P-F.; Hooper, ].D.; Mustafa, M.R. Alpha-tomatine synergises with paclitaxel to enhance
apoptosis of androgen-independent human prostate cancer PC-3 cells in vitro and in vivo. Phytomedicine Int.
J. Phytother. Phytopharm. 2013, 20, 1297-1305. [CrossRef]


http://dx.doi.org/10.1016/j.bbamcr.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27542908
http://dx.doi.org/10.1186/s12967-019-1772-z
http://www.ncbi.nlm.nih.gov/pubmed/30634982
http://dx.doi.org/10.1101/gad.290940.116
http://www.ncbi.nlm.nih.gov/pubmed/28096186
http://dx.doi.org/10.1007/s00403-015-1552-4
http://dx.doi.org/10.1111/pcmr.12516
http://dx.doi.org/10.1016/j.cmet.2015.07.010
http://dx.doi.org/10.1186/s11658-020-00212-1
http://dx.doi.org/10.2174/15680266113136660197
http://dx.doi.org/10.2174/1389557515666150511152251
http://dx.doi.org/10.1021/jf402654e
http://www.ncbi.nlm.nih.gov/pubmed/24079774
http://dx.doi.org/10.1021/jf900364j
http://dx.doi.org/10.1021/jf020560c
http://www.ncbi.nlm.nih.gov/pubmed/12358437
http://dx.doi.org/10.1007/s00217-019-03235-x
http://dx.doi.org/10.1002/med.21346
http://www.ncbi.nlm.nih.gov/pubmed/25820039
http://dx.doi.org/10.1016/j.phymed.2013.07.002

Int. ]. Mol. Sci. 2020, 21, 5243 14 0f 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Friedman, M. Chemistry and anticarcinogenic mechanisms of glycoalkaloids produced by eggplants, potatoes,
and tomatoes. J. Agric. Food Chem. 2015, 63, 3323-3337. [CrossRef]

Da Silva, D.C.; Andrade, P.B.; Valentao, P,; Pereira, D.M. Neurotoxicity of the steroidal alkaloids tomatine
and tomatidine is RIP1 kinase- and caspase-independent and involves the elF2c branch of the endoplasmic
reticulum. J. Steroid Biochem. Mol. Biol. 2017, 171, 178-186. [CrossRef]

Liu, C.; Yang, S.; Wang, K,; Bao, X; Liu, Y,; Zhou, S.; Liu, H.; Qiu, Y.; Wang, T.; Yu, H. Alkaloids from
Traditional Chinese Medicine against hepatocellular carcinoma. Biomed. Pharmacother. Biomed. Pharmacother.
2019, 120, 109543. [CrossRef] [PubMed]

Giusti, B.; Margheri, F,; Rossi, L.; Lapini, I.; Magi, A.; Serrati, S.; Chilla, A.; Laurenzana, A.; Magnelli, L.;
Calorini, L.; et al. Desmoglein-2-integrin Beta-8 interaction regulates actin assembly in endothelial cells:
Deregulation in systemic sclerosis. PLoS ONE 2013, 8, e68117. [CrossRef]

Chao, M.-W.; Chen, C.-H.; Chang, Y.-L.; Teng, C.-M.; Pan, S.-L. x-Tomatine-mediated anti-cancer activity
in vitro and in vivo through cell cycle- and caspase-independent pathways. PLoS ONE 2012, 7, e44093.
[CrossRef]

Lee, K-R.;; Kozukue, N.; Han, J.-S.; Park, J.-H.; Chang, E.-Y.; Baek, E.-J.; Chang, J.-S.; Friedman, M.
Glycoalkaloids and metabolites inhibit the growth of human colon (HT29) and liver (HepG2) cancer cells.
J. Agric. Food Chem. 2004, 52, 2832-2839. [CrossRef] [PubMed]

Shieh, ].-M.; Cheng, T.-H.; Shi, M.-D.; Wu, P--F,; Chen, Y.; Ko, S.-C.; Shih, Y.-W. a-Tomatine suppresses invasion
and migration of human non-small cell lung cancer NCI-H460 cells through inactivating FAK/PI3K/Akt
signaling pathway and reducing binding activity of NF-«B. Cell Biochem. Biophys. 2011, 60, 297-310.
[CrossRef] [PubMed]

Shih, Y.-W,; Shieh, ].-M.; Wu, P-E; Lee, Y.-C.; Chen, Y.-Z.; Chiang, T.-A. Alpha-tomatine inactivates PI3K/Akt
and ERK signaling pathways in human lung adenocarcinoma A549 cells: Effect on metastasis. Food Chem.
Toxicol. Int. ]. Publ. Br. Ind. Biol. Res. Assoc. 2009, 47, 1985-1995. [CrossRef] [PubMed]

Lee, S.-T.; Wong, P-E; Cheah, S.-C.; Mustafa, M.R. Alpha-tomatine induces apoptosis and inhibits nuclear
factor-kappa B activation on human prostatic adenocarcinoma PC-3 cells. PLoS ONE 2011, 6, e18915.
[CrossRef]

Wang, F.-Z.; Dai, X.-L.; Liu, H.-Y. Molecular mechanisms underlying the «-tomatine-directed apoptosis
in human malignant glioblastoma cell lines A172 and U-118 MG. Exp. Ther. Med. 2017, 14, 6183-6192.
[CrossRef]

Marton, M.; Kurucz, A.; Lizak, B.; Margittai, E; Banhegyi, G.; Kapuy, O. A systems biological view of
life-and-death decision with respect to endoplasmic reticulum stress—The role of pERK pathway. Int. |.
Mol. Sci. 2017, 18, 58. [CrossRef]

Liu, C.Y.; Kaufman, R.J. The unfolded protein response. J. Cell Sci. 2003, 116, 1861-1862. [CrossRef]
Marciniak, S.J.; Yun, C.Y.; Oyadomari, S.; Novoa, I.; Zhang, Y.; Jungreis, R.; Nagata, K.; Harding, H.P.; Ron, D.
CHOP induces death by promoting protein synthesis and oxidation in the stressed endoplasmic reticulum.
Genes Dev. 2004, 18, 3066-3077. [CrossRef]

McCullough, K.D.; Martindale, J.L.; Klotz, L.O.; Aw, T.Y.; Holbrook, N.J. Gadd153 sensitizes cells to
endoplasmic reticulum stress by down-regulating Bcl2 and perturbing the cellular redox state. Mol. Cell. Biol.
2001, 21, 1249-1259. [CrossRef]

Garcia-Jiménez, C.; Goding, C.R. Starvation and pseudo-starvation as drivers of cancer metastasis through
translation reprogramming. Cell Metab. 2019, 29, 254-267. [CrossRef]

Semenza, G.L. Targeting hypoxia-inducible factor 1 to stimulate tissue vascularization. J. Investig. Med. Off.
Publ. Am. Fed. Clin. Res. 2016, 64, 361-363. [CrossRef] [PubMed]

Pereira, E.R; Liao, N.; Neale, G.A.; Hendershot, L.M. Transcriptional and post-transcriptional regulation of
proangiogenic factors by the unfolded protein response. PLoS ONE 2010, 5. [CrossRef] [PubMed]

Stein, L; Itin, A.; Einat, P,; Skaliter, R.; Grossman, Z.; Keshet, E. Translation of vascular endothelial growth
factor mRNA by internal ribosome entry: Implications for translation under hypoxia. Mol. Cell. Biol. 1998,
18, 3112-3119. [CrossRef] [PubMed]

Yaman, I.; Fernandez, J.; Liu, H.; Caprara, M.; Komar, A.A.; Koromilas, A.E.; Zhou, L.; Snider, M.D.;
Scheuner, D.; Kaufman, R.J.; et al. The zipper model of translational control: A small upstream ORF is the
switch that controls structural remodeling of an mRNA leader. Cell 2003, 113, 519-531. [CrossRef]


http://dx.doi.org/10.1021/acs.jafc.5b00818
http://dx.doi.org/10.1016/j.jsbmb.2017.03.009
http://dx.doi.org/10.1016/j.biopha.2019.109543
http://www.ncbi.nlm.nih.gov/pubmed/31655311
http://dx.doi.org/10.1371/annotation/b41766f2-c23d-455e-8d6e-e4bce5ae1d80
http://dx.doi.org/10.1371/journal.pone.0044093
http://dx.doi.org/10.1021/jf030526d
http://www.ncbi.nlm.nih.gov/pubmed/15137822
http://dx.doi.org/10.1007/s12013-011-9152-1
http://www.ncbi.nlm.nih.gov/pubmed/21264526
http://dx.doi.org/10.1016/j.fct.2009.05.011
http://www.ncbi.nlm.nih.gov/pubmed/19457446
http://dx.doi.org/10.1371/journal.pone.0018915
http://dx.doi.org/10.3892/etm.2017.5294
http://dx.doi.org/10.3390/ijms18010058
http://dx.doi.org/10.1242/jcs.00408
http://dx.doi.org/10.1101/gad.1250704
http://dx.doi.org/10.1128/MCB.21.4.1249-1259.2001
http://dx.doi.org/10.1016/j.cmet.2018.11.018
http://dx.doi.org/10.1097/JIM.0000000000000206
http://www.ncbi.nlm.nih.gov/pubmed/25955799
http://dx.doi.org/10.1371/journal.pone.0012521
http://www.ncbi.nlm.nih.gov/pubmed/20824063
http://dx.doi.org/10.1128/MCB.18.6.3112
http://www.ncbi.nlm.nih.gov/pubmed/9584152
http://dx.doi.org/10.1016/S0092-8674(03)00345-3

Int. J. Mol. Sci. 2020, 21, 5243 15 of 15

35.

36.

37.

38.

39.

40.

41.

Zanna, P; Maida, L.; Grieco, C.; Guida, S.; Turpin Sevilla, M.C.; De Summa, S.; Tommasi, S.; Vena, G.A.;
Filotico, R.; Guida, G. Three novel human sporadic melanoma cell lines: Signaling pathways controlled by
MCIR, BRAF and f-catenins. J. Biol. Regul. Homeost. Agents 2013, 27, 131-141.

Zanna, P.; Maida, I.; Turpin Sevilla, M.C.; Susca, F.C.; Filotico, R.; Arciuli, M.; Cassano, N.; Vena, G.A;
Cicero, R.; Guida, G. Molecular characterization of novel melanoma cell lines. J. Biol. Requl. Homeost. Agents
2011, 25, 239-247.

Porcelli, L.; Guida, G.; Quatrale, A.E.; Cocco, T.; Sidella, L.; Maida, I.; Iacobazzi, R.M.; Ferretta, A.; Stolfa, D.A.;
Strippoli, S.; et al. Aurora kinase B inhibition reduces the proliferation of metastatic melanoma cells and
enhances the response to chemotherapy. J. Transl. Med. 2015, 13, 26. [CrossRef]

Ciavarella, S.; Laurenzana, A.; De Summa, S.; Pilato, B.; Chilla, A.; Lacalamita, R.; Minoia, C.; Margheri, F;
Tacobazzi, A.; Rana, A.; et al. u-PAR expression in cancer associated fibroblast: New acquisitions in multiple
myeloma progression. BMC Cancer 2017, 17, 215. [CrossRef]

Ferretta, A.; Gaballo, A.; Tanzarella, P.; Piccoli, C.; Capitanio, N.; Nico, B.; Annese, T.; Di Paola, M.;
Dell’aquila, C.; De Mari, M.; et al. Effect of resveratrol on mitochondrial function: Implications in
parkin-associated familiar Parkinson’s disease. Biochim. Biophys. Acta 2014, 1842, 902-915. [CrossRef]
Margheri, F,; Schiavone, N.; Papucci, L.; Magnelli, L.; Serrati, S.; Chilla, A.; Laurenzana, A.; Bianchini, F,;
Calorini, L.; Torre, E.; et al. GDF5 regulates TGF3-dependent angiogenesis in breast carcinoma MCEFE-7 cells:
In vitro and in vivo control by anti-TGFf peptides. PLoS ONE 2012, 7, e50342. [CrossRef]

Azzariti, A.; Porcelli, L.; Mangia, A.; Saponaro, C.; Quatrale, A.E.; Popescu, O.S.; Strippoli, S.; Simone, G.;
Paradiso, A.; Guida, M. Irradiation-induced angiosarcoma and anti-angiogenic therapy: A therapeutic hope?
Exp. Cell Res. 2014, 321, 240-247. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/s12967-015-0385-4
http://dx.doi.org/10.1186/s12885-017-3183-y
http://dx.doi.org/10.1016/j.bbadis.2014.02.010
http://dx.doi.org/10.1371/journal.pone.0050342
http://dx.doi.org/10.1016/j.yexcr.2013.12.018
http://www.ncbi.nlm.nih.gov/pubmed/24384475
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Tomatine Composition 
	Tomatine Displayed Antitumor Potential in MM Cell Lines 
	Tomatine Induced Cell Death through Apoptosis in Metastatic Melanoma Cells 
	Tomatine Induced Autophagy in BRAF Wild-Type Cell Line 
	Tomatine Displayed Antiangiogenic and Vascular Disrupting Effect 

	Discussion 
	Materials and Methods 
	Tomatine: HPLC of Chemical Compounds 
	Cell Culture 
	Cytotoxic Assay 
	Invasion Assay 
	Apoptosis Assay 
	Western Blot Analysis 
	Angiogenesis and Vascular Disruption Assays 
	Analysis of VEGF Release 

	References

