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Abstract

We aimed to evaluate the effect of caffeine on viability, apoptosis, migration, redox profile and modulatory effect of the puriner-
gic system of cutaneous melanoma cells. The melanoma cells SK-MEL-28 and non-tumoural CCD-1059sk cells were treated for
24 h with different concentrations of caffeine. Cell viability was evaluated by a biochemical assay and fluorescence microscopy,
and flow cytometry assessed apoptosis induction. A wound-healing assay assessed cell migration. The redox profile was evalu-
ated by the levels of markers of reactive oxygen species (ROS), nitric oxide (NOx), total thiols (PSH) and non-protein thiols
(NPSH). RT-qPCR and flow cytometry assessed the expression of CD39 and CD73. ATPase/ADPase and AMPase enzyme
activities were evaluated by hydrolysis of ATP, ADP and AMP nucleotides. A bioluminescent assay assessed extracellular ATP
levels. Caffeine significantly reduced melanoma cell viability and migration and did not affect non-tumoural cells. Caffeine
increased ROS levels and improved PSH levels in melanoma cells. Furthermore, caffeine reduced CD39 and CD73 expression,
decreased ATP, ADP and AMP nucleotide hydrolysis and increased extracellular ATP levels. We have shown that caffeine
reduces metastatic cutaneous melanoma cell viability and migration, induces ROS generation and improves PSH levels. In an
unprecedented manner, we also showed that caffeine reduces the expression of CD39 and CD73 and, consequently, ATPase/
ADPase/AMPase hydrolytic activity of ectonucleotidases, thus displacing the CD39/CD73 axis and increasing extracellular ATP
levels. Therefore, caffeine may be an interesting compound for clinical trials with the CD39/CD73 axis as a therapeutic target.
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Highlights Introduction
- Several researchers have demonstrated the antineoplastic effects
of caffeine and its involvement in some cell signaling pathways.

- We found that caffeine has antineoplastic effects on SK-MEL-28
cells, thereby reducing cell viability and migration, inducing

apoptosis and modulating purinergic signalling.

Cutaneous melanoma (CM) is one of the most aggressive
skin cancer types due to its highly metastatic nature and low
survival rate [1]. The incidence of this disease is increas-

- Caffeine downregulates expression of CD39 and CD73 and
ATPase/ADPase/AMPase enzyme activity of ectonucleotidases in
cutaneous melanoma cells.

- The CD39/CD73 axis was displaced, resulting in greater
extracellular ATP accumulation.

- Caffeine may be an interesting coffee-derived compound for
future clinical trials with the CD39/CD73 axis as a target.

Extended author information available on the last page of the article

ing. In 2020, 324,635 new cases and 57,043 deaths occurred
worldwide; considering these rates, it can be predicted that
by 2040 more than 500,000 new cases will emerge [2, 3].
CM has been strongly linked to harm caused by ultraviolet
(UV) radiation due to excessive sunbathing [4].

Currently, immune system checkpoint inhibitors such as
pembrolizumab and nivolumab (inhibitors of programmed
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cell death protein 1 [PD-1]) and ipilimumab (inhibitor of
cytotoxic T lymphocyte antigen 4 [CTLA-4]) have been used
in the management of many cancers and are used as a first-
line strategy to treat patients with a prognosis of unresectable
or metastatic melanoma [5, 6]. In addition, inhibitor mole-
cules that directly target the signalling pathways responsible
for controlling cell growth and division have emerged and
are referred to as ‘targeted therapies’, such as V-Raf murine
sarcoma viral oncogene homolog B (BRAF) and mitogen-
activated protein kinase (MEK) inhibitors, which can target
neoplasms with these mutated genes. However, only 20 to
30% of patients administered targeted therapies showed a
complete and durable response, and biomarkers still need
to be defined to predict who will benefit from these drugs
[7]. Furthermore, the correct application of targeted therapy
seems to be primordial in melanoma since findings from
the literature showed that treatment duration was strongly
associated with the risk of cancer progression [8].

The purinergic system is a key signalling pathway
recently linked to CM since it regulates cell proliferation,
angiogenesis and apoptosis. Orchestration between compo-
nents is regulated by ectonucleotidases in the tumour micro-
environment (TME), with adenosine triphosphate (ATP),
adenosine diphosphate (ADP), adenosine monophosphate
(AMP) nucleotides and adenosine (Ado) nucleoside being
important molecules, in addition to the expression of P1
and P2 receptors [9—11]. Manica et al. [12] showed that
Ecto-NTPDase (CD39) and Ecto-5'-nucleotidase (CD73)
are enzymes involved in the pathophysiology of CM and
could be an important target for cancer therapies as these
enzymes act in the enzymatic axis and control the hydroly-
sis of the major purinergic signalling molecule, ATP.

In this context, several bioactive compounds have been
studied to be applied as adjuvant therapies, given their cost-
effectiveness, such as rosmarinic acid [13] and caffeic acid
[14]. Another interesting substance is the coffee-derived meth-
ylxanthine, caffeine (1,3,7-trimetilxantina), which is found in
coffee grains such as Coffea arabica, tea leaves of Camellia
sinensis and cacao powder [15]; this substance is a promis-
sory antineoplastic natural compound. Studies have shown
that caffeine can mitigate neoplastic cell growth, migration,
invasion and progression [16, 17] and act as an antagonist
of A2A receptors, exhibiting antineoplastic effects [18]. In
addition, caffeine seems to be involved in redox balance [19].

There are several pieces of literature relating the actions
of caffeine on the CD39/CD73 axis in metastatic CM cells,
as well as the implications of blocking these pathways on
the purinergic system. In this study, we aimed to evaluate
in vitro the antineoplastic effects of caffeine on metastatic
CM cells. We hypothesise that caffeine may have antitumor
potential against metastatic CM cells by modulating the
expression of components involved in purinergic signalling.
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Material and methods
Chemicals and reagents

All chemicals and reagents were analytical grade from Sigma-
Aldrich (Sigma-Aldrich, USA) and Merck (Germany). The
caffeine (1,3,7-trimethylxanthine) was obtained from Sigma-
Aldrich (CAS number: 58-08-2, EC number: 200-362-1,
PubChem Substance ID: 24900939, anhydrous, purity > 99%,
molecular weight 194.19 g/mol). The cells SK-MEL-28 and
CCD-1059sk were purchased from the Cell Bank of Rio de
Janeiro (BCRYJ), Brazil. Cell culture medium, plates and flasks
used for culture procedures were obtained from Gibco™
Thermo Fisher Scientific (Grand Island, USA) and Invitrogen
Life Technologies (Carlsbad, USA). Master Mix for gPCR
was purchased from Promega Corporation®, and primers
were synthesised by Thermo Fisher Scientific (Grand Island,
USA). Anti-human CD39 and CD73 antibodies were pur-
chased from BD Pharmingen™, and the readers were made by
flow cytometry (BD ACCURI C6). For fluorescence assays, a
fluorescence microscope was used (Nikon® Eclipse TS2-FL).

Cell culture and caffeine exposure

We treated a tumoural and a non-tumoural cell lineage under
the same experimental conditions to verify the cytotoxic
effects of caffeine and its antineoplastic potential. Thus, both
SK-MEL-28 and CCD-1059sk were independently grown
in flasks containing Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco™) with penicillin/streptomycin (1%) sup-
plemented with 10% foetal calf serum. The cell cultures
were maintained under appropriate conditions (5% carbon
dioxide (CO,) at 37 °C). We used the medium to dissolve
caffeine and obtain the different treatment concentrations
(0.5 mM, 1.0 mM, 2.0 mM, 4.0 mM and 6.0 mM) based on
a previous study [17]. The negative control group (CT) cells
received only the culture medium, and the neoplastic cells
were treated with the antineoplastic dacarbazine (dac) at a
concentration of 1 mg/ml. All cells were exposed for 24 h
to respective treatments.

Peripheral blood mononuclear cells (PBMCs) were col-
lected by venipuncture from five healthy subjects. Cells
were cultured under the same conditions as the cancer
cells using Roswell Park Memorial Institute (RPMI)
medium with penicillin/streptomycin (1%) supplemented
with 10% foetal calf serum. This work was approved by
the Human Ethics Committee of the Federal University of
Fronteira Sul (UFFS, Campus Chapec6, SC, Brazil) under
protocol number 822.782. Blood collection occurred after
all donors had given written consent to participate in the
study.
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Cell viability assay

An assay using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) as a substrate was used to
evaluate the cytotoxicity of caffeine on SK-MEL-28 and
CCD-059sk cells, following a study carried out by Mosmann
[20]. Briefly, both cell lines were independently seeded in
96-well plates, in 4 replicates, at densities of 1 X 10° cells/
well and treated with different concentrations of caffeine.
After the exposure times, the MTT (Sigma-Aldrich, USA)
(5 mg/ml in PBS) was added, and the plates were incubated
at 37 °C for 2 h. The supernatant was discarded, and 200
pl of dimethylsulfoxide (DMSO) was added to dissolve the
formazan crystals formed by the viable cells’ reduction of
the MTT salt. The absorbance was measured at 570 nm
using a Multiskan GO 96-well plate reader (Thermo Fisher
Scientific).

Fluorescence microscopy assay

In addition to the MTT assay, we also used fluorescence
microscopy to assess tumour cell viability. For this pur-
pose, approximately 1 x 10° cells/well were seeded in
96-well plates, washed twice with PBS and stained with
acridine orange (AO) to check for morphological changes as
described by McGahon et al. [21]. AO is taken up by viable
cells and stains double-stranded (ds) and single-stranded (ss)
nucleic acids. When AO diffuses into cells, it emits green
fluorescence after excitation at 480-490 nm in viable cells.
For tetramethylrhodamine ethyl ester (TMRE) staining, the
cells received the same preparation approach as AO stain-
ing and were incubated for 30 min with 100 pl of a solution
containing TMRE (20 nM). The fluorescence photographs
were taken under excitation at 550 nm [22] in triplicates at
%10 magnification and adjusted linearly for brightness and
contrast with the software Fotos (Windows®).

Cell apoptosis assay

For the apoptosis assay, cells exposed to different concentra-
tions of caffeine for 24 h were harvested, and the cell pellets
were washed twice with cold PBS. An Annexin V-FITC and
propidium iodide (PI) apoptosis detection kit (BD Biosciences)
was used according to the manufacturer’s instructions. In brief,
cells were resuspended at 1 X 10 cells/ml in 100 pl binding
buffer. Annexin V-FITC (5 pl) and 5 pl PI (20 pg/ml) were
added to the cell suspension and then incubated for 15 min at
room temperature in the dark and mixed with 400 pl binding
buffer. The analyses were done on a BD Accuri™ C6 Plus,
with readings taken for every 20,000 events.

Cell migration assay

To verify neoplastic cell migration, we performed the exper-
imental protocol proposed by Justus et al. [23]. Thus, we
seeded 1 x 10° cells/well in a monolayer in 6-well plates.
After reaching 100% confluence, we made a wound with a
sterile tip and photographed it with optical microscopy (x4
magnification). Then, we exposed the cells to the respective
treatment. After 24 h, we discarded the treatment, washed
the cells with saline and proceeded with the image acqui-
sition. Five different points on the wound were measured
using ImagelJ software to perform the statistical analyses.

Assessment of redox profile

All experiments to assess the redox profile of cells after caf-
feine treatment were performed independently three times
and in three replicates.

Reactive oxygen species (ROS)

A commercial fluorometric intracellular ROS kit (Sigma®
Life Science, Germany) was used to determine intracellu-
lar ROS levels according to the manufacturer’s protocol. In
the presence of ROS, 2°,7’-dichlorofluorescein diacetate
(H,DCF-DA), a cell-permeable non-fluorescent substance,
is oxidised into a fluorescent molecule, 2',7'-dichlorofluo-
rescein (DCF). The colourimetric product was measured at
an excitation wavelength of 490 nm and emission of 520 nm
(Thermo Scientific™ Varioskan™ LUX).

Nitric oxide (NOx) detection

We used a modified Griess method to detect nitrate or nitrite
in samples with adaptations [24-26]. First, the Griess rea-
gent was prepared by adding 2% sulphanilamide and 0.2%
N-1-naftil-etilendiamina-diclorhidrato (NED) to 5% of
orthophosphoric acid (H,PO,). Subsequently, approximately
100 pl of the samples was mixed with 100 pl of the Griess
reagent and incubated at 37 °C for 20 min. The absorbance
of the purple-azo-dye product was measured at 540 nm.
We used a calibration curve prepared with sodium nitrate
to determine the NOx amount in samples. The results were
expressed in pM.

Levels of total thiol (PSH) and non-protein thiol (NPSH)

Both thiol contents were determined according to Elmann
[27] with adjustments. For the total thiol assay, 30 pl of
supernatant in a 96-well plate was added to 200 pl of potas-
sium phosphate buffer (PPB) (1 M, pH 6.8) and 20 pl of
5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) with immediate
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reading. For the non-protein thiol, the samples were previ-
ously deproteinised to 10% with an equal sample volume of
trichloroacetic acid (TCA), and the remaining supernatant
was used. Then, 40 pl of supernatant was mixed with 260
pl of PPB and 15 pl with read immediately. All reads were
measured at 412 nm. The results were expressed in pM hav-
ing a cysteine standard curve as the parameter.

Purinergic system assays
CD39 and CD73 gene expression

Total RNA from melanoma cells was extracted with TRI-
zol® according to the manufacturer’s instructions. RNA
was quantified using a Thermo Scientific™ Varioskan™
LUX, and the purity of the RNA was assessed using a
260/280 nm absorbance ratio. RNA was treated with 1 U/
DNase amplification grade (Invitrogen) for 30 min at 37 °C.
Double-stranded complementary DNA (cDNA) was syn-
thesised from 200 ng of total RNA with random hexamer
primers using a high-capacity cDNA reverse transcription
kit (Thermo Scientific, USA) according to the manufactur-
er’s instructions. Molecular assays were performed using 5
pl cDNA sample, 10 pl 2X SYBR® Green PCR Master Mix
(Thermo Scientific, USA), 2 pl forward primer (500 nM), 2
pl reverse primer (500 nM) and 1 pl ultrapure water DNAse-
and RNAse-free to a final volume of 20 pl. Thermal cycling
to amplify each transcript was as follows: initial denatura-
tion at 95 °C for 5 min, 60 cycles of denaturation at 95 °C
for 15 s, and annealing/extension at 60 °C for 60 s. Melting
curve analyses were performed to verify product identity.
Samples were run in duplicate, and results were expressed
relative to GAPDH levels. Data were then normalised to a
calibrator sample using the AACq method. We used the fol-
lowing sequences of oligos (5'-3'): GAPDH (F): CTCCTC
ACAGTTGCCATGTA; GAPDH (R): GTTGAGCACAGG
GTACTTTATTG; CD39 (F): GCCCTGGTCTTCAGTGTA
TTAG; CD39 (R): CTGGCATAACCTACCTACTCTTTC,;
CD73 (F): GTGCCTTTGATGAGTCAGGTAG; CD73 (R):
TTCCTTTCTCTCGTGTCCTTTG.

Detection of CD39 and CD73 protein expression by flow
cytometry

After growing under caffeine exposure for 24 h, SK-MEL-28
cells were counted at 1 X 10° cells/ml using a haemocytom-
eter. The cell suspension was washed in duplicate with PBS
supplemented with 10% FBS and centrifuged for 5 min at
400g. Then, following the manufacturer’s recommendations,
the cell pellets were resuspended in a buffer solution and incu-
bated for 30 min with purified antibodies (1:10 dilution) PE
mouse anti-human CD39 (clone A1 (RUO), catalogue num-
ber: 567157) and PE mouse anti-human CD73 (clone AD2
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(RUO), catalogue number: 550257) (BD Pharmingen™).
Each experimental procedure was done separately and incu-
bated accordingly with antibody targets (CD39 or CD73). The
same number of cells was incubated without antibodies as
a non-stained control. After the elapsed times, all samples
were washed with PBS, and 10,000 events were immediately
acquired by flow cytometry (BD ACCURI C6). Subsequently,
the acquired results were analysed using the FlowJo V10 soft-
ware and expressed as a percentage (%) of CD39 or as a per-
centage (%) of CD73-positive cells in relation to the control in
caffeine untreated cells (CT). All experiments were performed
independently three times and in three replicates.

Assessment of ATPase/ADPase/AMPase activities
of ectonucleotidases

The enzymatic activities of ATPase/ADPase/AMPase were
performed according to Pilla et al. [28] and Lunkes et al.
[29]. A reaction system for ATPase/ADPase was prepared
containing 5 mM CaCl,, 100 mM NaCl, 5 mM KCl, 6 mM
glucose and 50 mM Tris-HCI buffer, pH 7.4. The reaction
system was the same for AMPase, with the exception of 10
mM MgCl, instead of CaCl,. Briefly, after protein normali-
sation in saline (0.9% NaCl), 20 pl of cell samples was added
to the reaction mixture of each enzyme and pre-incubated
at 37 °C for 10 min. The enzymatic reaction was initiated
by adding the specific substrates for each enzyme, ATP and
ADP for ATPase/ADPase and AMP for AMPase and incu-
bated at 37 °C for 70 min. Finally, reactions were stopped
by the addition of 150 pl of 10% TCA. From the total well
content, 30 pl was transferred to a new plate, 300 pl of mala-
chite green as a colourimetric reagent was added and the
released inorganic phosphate was determined at 630 nm.
Control wells were performed to correct for non-enzymatic
hydrolysis. A standard curve was prepared with KH,PO,,
and the results were expressed as nmol of Pi released/min/
mg of protein. All experiments were performed indepen-
dently three times and in three replicates.

Extracellular ATP determination

To determine extracellular ATP levels, we used a Molecular
Probes® ATP determination kit (Invitrogen™), a biolumi-
nescence assay that contains recombinant firefly luciferase
and its substrate D-luciferin. The assay is based on the
requirement of luciferase for ATP in light production with
a maximum emission of ~560 nm at pH 7.8 [30]. We com-
bined the reaction components to make a standard reaction
solution and adjusted the volumes to specific requirements
with 1.25 pg/ml firefly luciferase, 50 pM D-luciferin and 1
mM DTT in 1x reaction buffer. Afterwards, we mixed 10 pl
of the supernatant with 90 pl of the reaction solution and
incubated for 15 min. Then, we measured the luminescence.
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An ATP standard curve was prepared at concentrations from
1 nM to 1 pM. All experiments were performed indepen-
dently three times and in three replicates.

Protein determination

The method of Bradford [31] was employed for protein
determination using bovine serum albumin as a standard
and the protein samples were adjusted according to each
assay in mg/ml.

Statistical analysis

All measurements were performed statistically using an
analysis of variance followed by a post hoc test using Graph-
Pad Prism 9 software. All data were expressed as mean +
standard deviation. Differences between groups in relation
to the variables studied were evaluated by one-way ANOVA,
followed by a post hoc Dunnett’s multiple comparison test.
Differences in the probability of rejecting the null hypothesis
as < 5% (P < 0.05) were considered statistically significant.
Statistical significance was defined for P-values of *P <
0.05, ¥*P < 0.01, ***P < 0.001 and ****P < 0.0001.

Results

Caffeine reduces viability of metastatic melanoma
cells and induces apoptosis

We verified the effect of caffeine on the viability of mela-
noma cells and non-tumour cells, as shown in Fig. lA-C.
Caffeine reduced the viability of melanoma cells after 24 h
of treatment at concentrations of 0.5 mM, 2.0 mM, 4.0 mM,
6.0 mM (P < 0.0001) and significantly decreased viabil-
ity at 1.0 mM (P < 0.001) compared to control, showing
it is cytotoxic to tumour cells. All concentrations of caf-
feine had a higher effect than dacarbazine (P < 0.05) used
as a positive antineoplastic control (Fig. 1A). In addition,
caffeine induced apoptosis in melanoma cells at concentra-
tions of 0.5 mM (P < 0.0001), 4.0 mM (P < 0.0001) and
6.0 mM (P<0.0001) (Fig. 1B). On the other hand, caffeine
had no cytotoxic effect on the viability of the non-tumoural
cell models (CCD-1059sk and PBMCs) (Fig. 1C and D).
A fluorescent microscopy assay reinforced the cytotoxic
effect of caffeine since there was a reduction in the fluo-
rescence intensity percentage of cells stained with AO at
concentrations of 4.0 mM, 6.0 mM (P<0.01) and 2.0 mM
(P<0.05) compared to control (Fig. 2A). More pronounced
results were found with TMRE staining, with reduction in
fluorescence intensity percentage at 0.5 mM and 1.0 mM
(P<0.05), 2.0 mM and 4.0 mM (P<0.01) and 6.0 mM (P <
0.001) in relation to control (Fig. 2A). These sets of results

corroborate the effects of caffeine on the viability of mela-
noma cells using an MTT and fluorescence microscopy
assay.

Caffeine inhibits migration of metastatic CM cells

As shown in Fig. 2B, caffeine treatment reduced the SK-
MEL-28 cell migration at all concentrations. The treatment
concentrations of 1.0 mM, 2.0 mM, 4.0 mM and 6.0 mM (P
< 0.0001) exhibit more potential than 0.5 mM (P < 0.001)
compared to control. As expected, dacarbazine (1 mg/ml)
also reduced cell migration (P < 0.0001). These results
showed that doses higher than 0.5 mM of caffeine could
inhibit melanoma cell migration, similar to dacarbazine, a
common chemotherapy drug used in melanoma therapy.

Caffeine induces oxidative stress in metastatic CM
cells

We found that caffeine increased ROS levels at a concentration
of 6.0 mM (P < 0.0001) in melanoma cells (Fig. 3A). Dacar-
bazine caused an increase in NOx levels (P < 0.01) (Fig. 3B).
On the other hand, concentrations of 2.0 mM, 4.0 mM and
6.0 mM caffeine also improved the PSH levels (P < 0.05)
(Fig. 3C). For the other oxidative profile markers that were
evaluated, we did not find any statistically significant differ-
ences when compared to control following caffeine exposure.

CD39 and CD73 expression is modulated by caffeine
in metastatic melanoma cells

Firstly, we employed RT-qPCR to assess CD39 and CD73
gene expression, as shown in Fig. 4A and D. After 24 h
of treatment, we found that caffeine reduced CD39 gene
expression similarly at 0.5 mM and 2.0 mM (P < 0.05)
and more significantly at concentrations of 4.0 mM (P <
0.01) and 6.0 mM (P < 0.0001) (Fig. 4A). We also found
that caffeine reduced gene expression of CD73, with sta-
tistical significance at 2.0 mM and 4.0 mM (P < 0.05) and
was more evident at 6.0 mM (P < 0.01) (Fig. 4D). Dac-
arbazine significantly increased gene expression of CD73
(P < 0.0001) (Fig. 4D). Secondly, we evaluated protein
expression of CD39 and CD73 ectonucleotidases by flow
cytometry, as shown in Fig. 4B, C, E, and F. Converging
this data with the gene expression results, we confirmed
that caffeine significantly reduced CD39 protein expres-
sion at 2.0 mM (P < 0.0001), 4.0 mM (P < 0.05) and 6.0
mM (P < 0.0001). Dacarbazine treatment was also able to
reduce CD39 protein expression (P < 0.0001) (Fig. 4B and
C). For CD73, we found that caffeine significantly reduced
the expression of this protein at 0.5 mM, 2.0 mM and 4.0
mM (P < 0.0001). In addition, dacarbazine significantly
increased the protein expression of CD73 (P < 0.0001)
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Fig.2 Microscope fluorescence and migration of SK-MEL-28 cells.
A Microscope fluorescence assay stained with AO showed that caf-
feine reduced cell viability at 2.0 mM, 4.0 mM and 6.0 mM and at
all tested caffeine concentrations when stained with tetramethylrhoda-
mine ethyl ester (TMRE). B For cell migration, caffeine affected the
reduction in wound-healing closure for all concentrations tested. All

Fig. 3 Oxidative stress marker
levels in SK-MEL-28 cells.
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replicates. Data are presented as mean + SD. Statistical analysis: one-
way ANOVA followed by a post hoc Dunnett’s multiple comparisons
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Fig.4 CD39 and CD73 gene and protein expression. All tested con-
centrations of caffeine were able to reduce CD39 gene expression
(A). In the same way, CD39 protein expression was reduced at 2.0
mM, 4.0 mM and 6.0 mM concentrations (B, C). For CD73, it is pos-
sible to notice that caffeine treatment reduced gene expression at 2.0
mM, 4.0 mM and 6.0 mM (D) and protein expression at 0.5 mM, 2.0

(Fig. 4E and F). These results show that important ectonu-
cleotidases involved in neoplastic purinergic signalling can
modulate gene and protein expression by caffeine.

Caffeine modulates enzymatic activities of ATPase/
ADPase/AMPase ectonucleotidases and alters
extracellular ATP levels in metastatic melanoma
cells

To understand purinergic signalling beyond gene and pro-
tein expression, we evaluated ATPase/ADPase/AMPase
activities by the hydrolysis of ATP, ADP, AMP and extra-
cellular ATP (Fig. 5SA-D). In our study, ATP hydrolysis
was decreased at concentrations of 1.0 mM (P < 0.05), 2.0
mM (P < 0.0001), 4 mM (P < 0.0001) and 6.0 mM (P <
0.001) compared to control (Fig. SA). ADP hydrolysis was
increased at 0.5 mM (P < 0.001) and significantly decreased

@ Springer

mM and 4.0 mM (E-F). All experiments were performed indepen-
dently three times and in three replicates. Data are presented as mean
+ SD. Statistical analysis: one-way ANOVA followed by a post hoc
Dunnett’s multiple comparisons test. Values with P < 0.05 were con-
sidered statistically significant. *(P < 0.05); **(P < 0.01); ***(P <
0.001); ****(P < 0.0001). CT, control; dac, dacarbazine

in the range of 1.0-6.0 mM (P < 0.0001) of caffeine treat-
ment when compared to control (Fig. 5B). In addition, AMP
hydrolysis at 1.0 mM, 2.0 mM, 4.0 mM and 6.0 mM con-
centrations of caffeine treatment was significantly decreased
in relation to control (P < 0.0001) (Fig. 5C). Ultimately,
we found that caffeine increased extracellular ATP levels at
2.0 mM, 4.0 mM and 6.0 mM concentrations with a similar
significance (P < 0.0001) (Fig. 5D). These results confirm
the action of caffeine in decreasing the hydrolytic activity
of ectonucleotidases in melanoma cells.

Discussion
Stage III and IV CM still have a poor prognosis, despite

the development of targeted drugs and immune checkpoint
modulators (63 to 68% and 22 to 30% survival rates in 5
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Fig.5 ATP and ADP hydroly-
sis measured ATPase/ADPase
activity, while AMPase
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years, respectively) [32]. In this sense, studies carried out
by Lentini et al. [33], Gude et al. [34], Wrzesniok et al. [19]
and Tabolacci et al. [35] using other melanoma cell line-
ages also found caffeine antineoplastic potential. Fagundes
et al. [36] showed that low concentrations of this compound
could potentiate the effects of dacarbazine. In this study, we
found that caffeine has an antineoplastic effect on metastatic
melanoma cell lineage SK-MEL-28, reducing viability and
inhibiting migration. Our study highlights, for the first time,
that caffeine modulates the CD39/CD73 axis in SK-MEL-28
cells.

To achieve these findings, we searched for a possible
cell pathway to more robustly explain the caffeine antineo-
plastic effect on SK-MEL-28 cells. In this field, Eini et al.
[18] showed that caffeine has the potential to modulate the
purinergic system. This extracellular cell-cell signalling
pathway is a ubiquitous system considered a therapeutic
target to be used in the treatment of CM and plays a role
in regulating numerous physiological and pathological pro-
cesses in mammals [37]. Research showed that ectonucleoti-
dases, specifically CD39 and CD73, have critical function-
ing in the purinergic cascade, regulating nucleotides and

Caffeine

il Caffeine

nucleosides in the TME of melanoma [38—40]. We evalu-
ated the gene and protein expression of CD39 and CD73
and the hydrolysis of ATP, ADP and AMP after treatment
of CM cells with caffeine. Interestingly, we found that caf-
feine strongly decreased the expression of CD39 and CD73
and, consequently, the enzyme activity in nucleotide break-
down. It is important to emphasise that this enzymatic axis
is responsible for regulating the amount of extracellular ATP
in the purinergic cascade [11].

High ATP levels in the TME would be more available
to exert agonistic actions on P2X receptors since it is the
preferred molecule agonist for these receptor types [41].
Amongst them, P2X7 receptors are overexpressed in neo-
plastic cell membranes [42]. In melanoma, a high con-
centration of ATP can lead to cell death by activating the
P2X7 receptors that are involved in mTOR signalling [43].
Considering that our results showed that the purinergic
cascade could be displaced towards an increase in ATP, we
measured the extracellular ATP levels by a sensitive bio-
luminescent assay to verify these results. We found high
levels of extracellular ATP at the same caffeine concentra-
tions where CD39 and CD73 genic, protein and hydrolytic
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activity was decreased, confirming that caffeine modulates
purinergic signalling in SK-MEL-28 melanoma cells, spe-
cifically on the CD39/CD73 axis. One of the main con-
cerns in developing anticancer therapies is that in addition
to blocking ATP hydrolysis for a complete response, it
would be necessary to block adenosine receptors, mainly
A2A [44]. In this context, Eini et al. [18] demonstrated
that caffeine can antagonise adenosine receptors (e.g. P1
receptors) and promote an effective antitumour immune
response, making caffeine a promising xanthine in treating
metastatic melanoma.

We also evaluated cell viability using an MTT assay and
parallel fluorescence microscopy staining with AO and
TMRE. Using flow cytometry, we also verified the poten-
tial of caffeine to induce apoptosis in melanoma cells. We
found that caffeine substantially decreased SK-MEL-28
cell viability at all tested concentrations compared to CT, a
similar effect to dacarbazine. At concentrations of 0.5 mM,
4.0 mM and 6.0 mM of treatment, caffeine induced apop-
tosis. Both in AO and TMRE staining, caffeine reduced
fluorescence intensity percentage, confirming the results
found with the MTT assay. A study in vitro that used very
similar substance concentrations to ours found that caf-
feine, by decreasing HDAC1 activity and/or increasing
p300 activity, significantly decreased RT2 glioma cell
viability after 48 h of treatment [45]. Cheng et al. [46]
also showed that, via cathepsin B and MAPK signalling,
treatment with caffeine reduced the viability of the glioma
cell lineages U-87MG, LN229 and GBM8401. Using Mell
and Mel3 melanoma cells, Tabolacci et al. [35] showed
significantly reduced cell proliferation after 2.0 mM of
caffeine treatment in a dose-dependent manner. In paral-
lel, we also performed a cell viability assay to evaluate the
cytotoxic effect of caffeine on non-neoplastic cells using
CCD-1059sk as a model. However, in our study, caffeine
had no cytotoxic effect on non-tumoural cells.

Another important parameter related to melanoma is
metastasis, which is a complex biological process that
involves cell migration and colonisation of adjacent sites
[47]. For metastasis to occur, cells adhere to the extracellular
matrix (ECM) or other cells, with the specific binding of cell
adhesion molecules such as selectins, integrins and cadher-
ins to ECM ligands or other cells [48]. Methods to study cell
migration, such as wound-healing scratch assays, are very
useful research tools [23]. Thus, we assessed the effects of
caffeine on cell migration and found that all treatment con-
centrations could reduce the migration of SK-MEL-28 cells.
In addition, at high concentrations, caffeine also modifies
cell morphology. Furthermore, as expected, dacarbazine also
inhibited cell migration. Wang et al. [17] found reductions in
prostate cancer cell migration in a study that combined ator-
vastatin and caffeine. Another study confirmed that caffeine
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inhibits NCI-H23 cell migration, a mechanism involved in
lung cancer metastasis [49].

In the context of melanoma, dacarbazine is one of the pri-
mary drugs used for treatment [50]. Dacarbazine targets the
overproduction of ROS, a mechanism involved in the cytotoxic
effect of this antineoplastic [51, 52]. Similarly, this mecha-
nism was also linked with caffeine cytotoxicity potential in
CM cells, where other cell lineages treated with this substance
showed an increase in lipid peroxidation and depletion in glu-
tathione levels leading to DNA damage with induced cell death
[19, 36, 53, 54]. For this reason, we evaluated the oxidative
biomarkers ROS and NOx levels in SK-MEL-28 cells treated
with caffeine. We found an increased ROS level at 6.0 mM of
treatment. Although caffeine did not alter NOx levels, dacar-
bazine induced an increase in NOx. On the other hand, PSH
levels increased at high concentrations of caffeine within 24
h of treatment. This suggests that an increase in PSH levels at
the same concentrations of caffeine that increased ROS may
be a metabolic regulation to neutralise the overproduction of
reactive species. With this, caffeine’s possible mechanism of
action in reducing the viability and migration of melanoma
cells may be linked to oxidative stress at high concentrations.

Study limitations

One of the limitations of our study was that we did not use
CD39 and/or CD73 inhibitors to verify the specific activ-
ity of these enzymes in the hydrolysis of nucleotides in the
purinergic cascade. Furthermore, we did not test the possible
antagonistic effects of caffeine on P2X7 and A2A receptors.

Conclusion

This study shows that caffeine reduces viability, induces
apoptosis, inhibits migration, induces oxidative stress and
modulates the purinergic system components in metastatic
CM cell lineage SK-MEL-28. In an unprecedented man-
ner, we also showed that caffeine downregulates CD39
and CD73 expression and the hydrolysis of ATP, ADP and
AMP, resulting in a displacement of the CD39/CD73 axis
towards an increase in extracellular ATP. Thus, caffeine may
be an interesting and promising coffee-derived compound
to be widely studied in melanoma research, as it modulates
purinergic signalling by controlling the levels of extracellu-
lar ATP by modulating the CD39/CD73 axis and the antago-
nistic effects on P1 receptors. Finally, further studies that
focus on understanding the potential effects of caffeine on
P2X7 and A2A receptors are required.
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