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Simple Summary: Cannabinoids are mainly used for recreational purposes but find their way into
oncology due to ongoing legalization efforts and anti-cancerous hints in the scientific literature.
The goal of this study was to elucidate the mode of action of a clinically used cannabis medication
in metastatic melanoma as well as its clinical value in combination with targeted therapy. By cell
viability and apoptosis assays, we could demonstrate that cannabinoids mediate their apoptotic effect
in a caspase-mediated fashion by disturbing mitochondrial integrity. With in vivo experiments, we
could demonstrate that clinically used cannabinoid medication does not interfere with the commonly
used anti-cancerous drug trametinib. Our results suggest that cannabinoids are effective in metastatic
melanoma and pave the way for further clinical trials.

Abstract: Background: Cannabinoids are mainly used for recreational purposes, but also made their way
into oncology, since these substances can be taken to increase appetite in tumour cachexia. Since there
are some hints in the literature that cannabinoids might have some anti-cancerous effects, the aim of this
study was to study if and how cannabinoids mediate pro-apoptotic effects in metastatic melanoma in vivo
and in vitro and its value besides conventional targeted therapy in vivo. Methods: Several melanoma
cell lines were treated with different concentrations of cannabinoids, and anti-cancerous efficacy was
assessed by proliferation and apoptosis assays. Subsequent pathway analysis was performed using
apoptosis, proliferation, flow cytometry and confocal microscopy data. The efficacy of cannabinoids
in combination with trametinib was studied in NSG mice in vivo. Results: Cannabinoids reduced cell
viability in multiple melanoma cell lines in a dose-dependent way. The effect was mediated by CB1,
TRPV1 and PPARα receptors, whereby pharmacological blockade of all three receptors protected from
cannabinoid-induced apoptosis. Cannabinoids initiated apoptosis by mitochondrial cytochrome c release
with consecutive activation of different caspases. Essentially, cannabinoids significantly decreased tumour
growth in vivo and were as potent as the MEK inhibitor trametinib. Conclusions: We could demonstrate
that cannabinoids reduce cell viability in several melanoma cell lines, initiate apoptosis via the intrinsic
apoptotic pathway by cytochrome c release and caspase activation and do not interfere with commonly
used targeted therapy.
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1. Introduction

Melanoma is the deadliest form of skin cancer, and the therapeutical landscape has
broadened over the last years resulting in significant survival benefits [1]. Currently, two
major treatment strategies have evolved in malignant melanoma patients: firstly, targeted
therapy in the form of B-Raf proto-oncogene, serine/threonine kinase (BRAF) and mitogen-
activated protein kinase kinase (MAP2K; MEK) inhibitors in BRAF mutated (BRAFmt)
melanoma and, secondly, immunotherapy. One of the major advantages of targeted therapy
in BRAFmt melanoma is the fact that patients have a high response rate and a rapid onset of
action including clinical signs of tumour burden relief. However, one major disadvantage
is that patients are rarely completely cured by this type of treatment; therefore, they often
rely on additional treatment options offered by ‘alternative medicine’ [2]. Green tea is
among the most commonly used natural products for cancer; however, cannabis also has a
long history as a supplemental therapy [3,4]. Cannabis is primarily used for ‘recreational’
purposes but has also been proposed to have anti-tumourous and/or anti-inflammatory
effects by the scientific literature and other sources [5]. It is important to note that cannabis
is not a homogenous substance but rather composed of different chemical entities of at
least 60 cannabinoids, whereas some of them have opposing effects [6]. For these reasons,
cannabinoids have been investigated as single substances with tetrahydrocannabinol (THC)
as the most popular substance due to its psychotropic effects. Up to date, two subtypes
of cannabinoid G protein-coupled receptors (GPR), CB1 (cloned in 1990) and CB2 (cloned
in 1993), could be identified [7–9]. CB1 can signal through G proteins or interact with
non-G protein partners such as the adaptor protein FAN [10]. However, cannabinoids
are also able to bind to several other receptors. So far, binding has been confirmed for
the peroxisome proliferator-activated receptors (PPAR) α and PPARγ, transient receptor
potential vanilloid-1 (TRPV1) channels and GPR55 and GPR35 [11].

Since the 1990s there is growing evidence that cannabinoids such as THC as well as
endocannabinoids such as 2-arachidonoylglycerol (2-AG) and anandamide and various
synthetic cannabinoid receptor agonists may have anti-tumour effects. However, there are
also reports suggesting tumour-promoting effects of cannabinoids [12,13].

Here we report that CBD and the combination of CBD and THC can reduce cell viability
in different melanoma cell lines. This effect is mediated by activation of the CB1, TRPV1 and
PPARα receptors, followed by activation of cytochrome c-mediated cell death. Finally, we
demonstrate that cannabinoids have an anti-cancerous effect in vivo and do not interfere with
a clinically approved MEK1/2 inhibitor in metastatic melanoma xenograft tumours.

2. Materials and Methods
2.1. Chemicals and Antibodies

All drugs were purchased from Tocris (Abingdon, UK), except Z-VAD-FMK (Selleckchem,
Houston, TX, USA) and THC (Gatt-Koller, Absam, Austria). All antibodies have been ordered
from Cell Signaling Technology Europe (Frankfurt am Main, Germany) except Goat anti-
Mouse-IgG, Alexa Fluor 488 (Thermo Scientific, Vienna, Austria) and Anti-Cannabinoid
Receptor I (Abcam, Cambridge, UK) (Detailed in Supplementary Table S1).

2.2. Cell Lines

A375, A2058 and SK-Mel-28 cell lines were purchased from LGC Standards GmbH
(Wesel, Germany). A375R, UACC-62 and Colo-800 were a generous gift from Anna Obenauf
(Research Institute of Molecular Pathology (IMP), Vienna Biocenter (VBC), Vienna, Austria).
SBcl2 was a generous gift from Prof. Beate Rinner (Department for Biomedical Research,
Medical University of Graz, Graz, Austria). A2058, A375 and SK-Mel-28 cells were main-
tained at 37 ◦C in a humidified atmosphere containing 5% CO2 in Dulbecco’s Modified
Eagle Medium (DMEM) (Thermo Scientific, Vienna, Austria) supplemented with 10% fetal
calf serum (FCS) (Thermo Scientific, Vienna, Austria) and 1% (v/v) penicillin/streptomycin
(P/S). UACC-62 and Colo-800 cells were maintained at 37 ◦C in a humidified atmosphere
containing 5% CO2 in Roswell Park Memorial Institute (RPMI) 1640 (Thermo Scientific,
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Vienna, Austria) supplemented with 10% FCS (Thermo Scientific, Vienna, Austria) and 1%
(v/v) P/S. SBCl2 cells were maintained in a similar way except that 2% FCS instead of 10%
was used. For all experimental assays, FCS was reduced from 10% to 2% and from 2% to
0.5%, respectively.

2.3. Cell Viability Assay

Cells were seeded into 96-well plates at a density of 5000 cells/100 µL/well and grown
for 24 h at 37 ◦C under a humidified atmosphere containing 5% CO2 followed by the desired
treatment duration. Cell growth was determined using a commercial kit (MTS Assay Kit;
Promega Corp., Madison, WI, USA), according to the manufacturer’s instructions. For
measurement of cell proliferation, 10 µL of MTS reagent was added into each well, and cells
were incubated light-protected at 37 ◦C for 1 h, then the absorbance was read at 490 nm
with a microplate spectrophotometer (xMark Microplate Absorbance Spectrophotometer;
Bio-Rad Laboratories GmbH; Vienna; Austria). All experiments were repeated at least three
times in duplicates.

2.4. Cell Cycle Analysis

After cells had been detached by trypsin treatment, cells were washed twice with
PBS, permeabilized with ice-cold 70% EtOH and incubated overnight at 4 ◦C. Afterwards
cells were incubated with propidium iodide (0.05 mg/mL, Sigma-Aldrich, Vienna, Austria)
and Ribonuclease I (0.1 mg/mL, Sigma-Aldrich), followed by incubation at 37 ◦C for
1 h. Stained cells were immediately analysed by flow cytometry on a BD FACScan Flow-
Cytometer (Becton Dickenson Heidelberg, Germany). The percentage of cells in each cell
cycle phase was analysed with FlowJo software (FlowJo LLC, Ashland, OR, USA).

2.5. AnnexinV/PI Co-Staining

A2058 cells were seeded in 24-well plates (50,000/well) and kept in DMEM containing
2% FCS and 1% P/S. Cells were treated—if indicated—with an antagonist (AM251, 9 µM;
AMG9810, 50 µM; GW6471, 15 µM; BafA1, 100 nM; Z-VAD, 100 µM, trametinib, 30 nM
or vemurafenib, 1 µM) at 20 min prior to treatment with cannabinoids (C + T 6 µM; CBD
6 µM; CBD 10 µM; THC 6 µM; THC 10 µM or THC 15 µM) or chloroquine (50 µM)—if
not otherwise specified—for 24 h at 37 ◦C. After trypsinization, cells were washed with
PBS, collected via centrifugation and stained with Annexin V and PI for 15 min protected
from light at room temperature according to the manufacturer’s protocol (Annexin V-
FITC Apoptosis Detection Kit I, BD Pharmingen). Analysis was performed using a BD
FACScan Flow-Cytometer (Becton Dickenson Heidelberg, Germany) and FlowJo (FlowJo
LLC, Ashland, OR, USA).

2.6. Caspase-3/7—Glo Assay

A2058 cells were seeded into 96-well plates (0.5 × 105/per well) and cultured for 24 h
in DMEM containing 2% FCS and 1% P/S supplemented with the indicated treatment. In
some experiments, cells were pre-treated with antagonists 20 min prior to the treatment
with cannabinoids (CBD, THC or C + T). Caspase-3/7 activation was determined using a
commercial kit (Caspase-Glo 3/7 Assay; Promega Corp., Madison, WI, USA), according
to the manufacturer’s instructions. For the measurement of caspase activation, 50 µL of
caspase reagent was added into each well, and cells were incubated light-protected at 37 ◦C
for 1 h; then, the absorbance was read at 490 nm with a microplate spectrophotometer
(PerkinElmer Topcount NXT; Waltham, MA, USA).

2.7. JC-1 Staining

Cells (5 × 104) were kept in DMEM supplemented with 2% FCS and 1% P/S and
incubated with antagonists 20 min prior to the indicated treatment with cannabinoids
(CBD, THC or C + T) for the indicated time points and concentrations or for 24 h—if
not otherwise mentioned—at 37 ◦C. The mitochondrial uncoupler Carbonyl cyanide-4-
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(trifluoromethoxy)phenylhydrazone (FCCP) (1 nM) served as a positive control. After cell
detachment, cells were washed twice in PBS and then incubated in JC-1 dye (2 µg/mL,
Thermo Fisher Scientific) for 20 min at 37 ◦C. Flow cytometric measurements were per-
formed using a BD FACScan Flow-Cytometer (Becton Dickenson Heidelberg, Germany)
for the detection of mitochondrial depolarization. The intact mitochondrial membrane is
reflected by JC-1 monomers that were detected in the FL-1 channel. Depolarization of the
mitochondrial membrane led to the formation of orange J-aggregates that were measured
in the FL-2 channel [14].

2.8. Crystal Violet Assay

For the quantitative determination of cells adhering to the plate after the 24 h treatment
with different concentrations of CBD, THC and PPARα, the crystal violet assay was used.
Cells were carefully washed after treatment and stained with crystal violet solution (0.05%
crystal violet, 1% formaldehyde, 1% methanol in PBS) for 20 min. After careful washing
with PBS, plates were dried overnight, methanol was added and reading was performed
with a spectrometer (VICTOR Multilabel Plate Reader, PerkinElmer, Waltham, MA, USA)
at 560 nm.

2.9. Immunohistochemistry

Immunohistochemistry was performed on 4 µm thick formalin-fixed paraffin-embedded
(FFPE) tumour sections from every single mouse. Staining was carried out using the Dako
Omnis platform (Agilent, Santa Clara, CA, USA). Ki67 (Agilent, Santa Clara, CA, USA), and
S100 (Agilent, Santa Clara, CA, USA) staining was carried out according to the manufacturer’s
protocol. In summary, pre-treatment was performed using the DAKO OMNIS EnVision FLEX
Target Retrieval Solution Low pH solution (Agilent, Santa Clara, CA, USA) for 30 min at
97 ◦C (Ki67 and S100), followed by blocking using peroxidase from the EnVision FLEX Mini
Kit, High pH, (Agilent, Santa Clara, CA, USA) for 3 min. Incubation time for S100 was 12 min
at 25 ◦C and for Ki67 20 min at 25 ◦C. As a detection system, the ENV FLEX HRP from the EnV
FLEX, High pH, (Dako Omnis) (Agilent, Santa Clara, CA) was used. Ki67 and S100 samples
were treated for 20 min at 25 ◦C without any linker with the ENV FLEX HRP detection system.
Afterwards, samples were incubated for 5 min at 25 ◦C with DAB+ substrate chromogen
(Agilent, Santa Clara, CA, USA). Counter-staining was performed using hematoxylin (Merck,
Darmstadt, Germany) for 1 min at room temperature. Between each step, samples were
washed with a wash buffer 20× (Agilent, Santa Clara, CA, USA).

Following immunohistochemical staining, tumour sections were scanned using Pan-
noramic 1000 (3D Histech, Budapest, Hungary), whereby 5 non-overlapping regions were
randomly selected (35× magnification) and extracted for quantification of nuclear Ki67
staining with QuPath Software [15]. Additionally, the S100 expression was evaluated in one
randomly chosen image. One image resulted in approximately 2000 cells for quantification.
Expression analysis was performed in batch mode, whereby nuclei were detected according
to hematoxylin counterstain with the following standard settings: background radius 15 px,
Sigma 3 px, minimum area 10 px2, maximum area 1000 px2 and intensity threshold 0.1.
Cell expansion was set at 5 px. For the characterization of Ki67+ cells, only the nuclear
score compartment considering DAB OD mean was chosen, whereby threshold 1 was 0.2,
threshold 2 was 0.5 and threshold 3 was 1. S100 staining was evaluated using the whole cell
as a score compartment (DAB OD mean) with thresholds of 0.1, 0.2 and 0.6. The thresholds
were set by a treatment-blinded person after the evaluation of 10 images chosen randomly
from the data set.

2.10. Cancer Genomics

Data from The Cancer Genome Atlas (TCGA) and the Cancer Cell Line Encyclopedia
were accessed through the www.cbioportal.org website on 19 November 2018. The database
was searched for mutations in CNR1, PPARα and TRPV1 for the skin cutaneous melanoma
(SKCM) cohort (366 patients) and the Cancer Cell Line Encyclopedia (1020 cell lines).

www.cbioportal.org
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Mutational frequencies—depending on data availability—were summarized and plotted
using the output provided by the online portal.

2.11. In Vivo Experiments

Ten- to twenty-six-week-old male NOD Scid gamma (NSG) mice were a generous
gift of Dr. Andreas Reinisch (Medical University of Graz, Graz, Austria) and had origi-
nally been obtained from Charles River Laboratories (Wilmington, MA, USA). A2058 cells
(1 × 106 cells/mouse) were injected subcutaneously (s.c.) in the area of the right flank.

The mice were bred and kept under specific pathogen-free conditions in the animal
facility of the Medical University of Graz (Graz, Austria). All experimental procedures
were done according to European Guidelines and were approved by the national animal
ethics committee (BMBWF-66.010/0139-V/pot3b/2019). Seven days after the injections,
when tumours were palpable in all mice, they were randomized to treatment groups in
a blinded fashion (8 mice per group). There were no significant differences regarding
age and weight among all four groups. C + T (CBD 10 mg/kg BW and THC 10 mg/kg
BW) and trametinib (Selleckchem, Houston, TX, USA) (0.75 mg/kg BW) were dissolved in
ethanol and kolliphor (Merck, Darmstadt, Germany) one to one. Before use, drugs were
further diluted 1/10 with phosphate-buffered saline (PBS). Subcutaneous injections were
given once per day (150µL/mouse) for 21 days. Control mice were injected with equal
amounts of kolliphor/ethanol dissolved in PBS. Treatment-related toxicity was determined
by monitoring mouse weight and appearance every day. The tumour size was measured
with a caliper, and tumour volume was calculated according to the following equation:
Volume = 0.5 × (length × width2) [16]. Mice were sacrificed on day 22 after treatment
initiation, and tumour samples were collected for further analysis.

2.12. Statistical Analysis

GraphPad Prism version 6 (GraphPad Software Inc., San Diego, CA, USA) was used
to perform statistical tests. Bar plots and graphs were created with GraphPad or ggplot2.
All data are shown as mean + SD for n observations. For three or more groups, one-way or
two-way ANOVA followed by Dunnett’s, Tukey or Bonferroni multiple comparison test were
used or, for two groups, a Mann–Whitney-U test was used. A two-sided p value of <0.05 was
considered statistically significant and indicated as * = p < 0.05; ** = p < 0.01; *** = p < 0.001
and **** = p < 0.0001.

3. Results
3.1. Cannabinoids Reduce Cell Viability among a Variety of Melanoma Cell Lines in a
Concentration-Dependent Manner

Since melanoma is a highly heterogenous type of tumour with the highest mutational
burden among all cancer types [17] and, therefore, comes with a higher probability of
primary resistance to any pharmacological therapy, we aimed to investigate the efficacy
of cannabinoids in multiple mutationally different melanoma cell lines. The commonly
used BRAFV600E non-metastatic, horizontally growing melanoma cell line A375 showed
a concentration-dependent reduction in cell viability when treated with THC or CBD
(Figure 1A).

Similarly, the non-metastatic NRASQ61K mutated cell line SBcl2 showed a concentration-
dependent reduction of viability (Figure 1B). Sativex (GW Pharmaceuticals, UK) is a 1:1
combination of THC and CBD at similar proportions (C + T) and was tested in different
cancer types [18–20]. In line with these results, we observed that CBD plus THC had an
additive effect that was stronger than either drug alone (Figure 1A,B). Some key mutations
have been identified that are present in metastatic melanoma and are known to drive
metastatic capability [21]. For this reason, we investigated the efficacy of cannabinoids in
cell lines with a metastatic phenotype harbouring mutations in the BRAF, TP53 and PTEN
genes (summarized in Table S2).
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Figure 1. Cannabinoids decrease cell viability of melanoma cell lines but not in non-cancerous
control cells in a concentration-dependent way. (A–E) Cell viability levels were assessed by MTS
assay of different melanoma cell lines treated with increasing dosage of cannabidiol (CBD), tetrahy-
drocannabinol (THC) or a combination of both (1:1 ratio) for 24 h. (F) A2058 melanoma cells were
treated with 6 µM of CBD, 6 µM of THC or a combination of both for 24 and 48 h, followed by
AnnexinV/PI staining and flow cytometric analysis. Alive cells were AnnexinV/PI negative, early
apoptotic cells were AnnexinV positive but PI negative, late apoptotic cells were AnnexinV/PI double
positive and necrotic cells were only PI positive. (G) A2058 cells were treated with 6 or 10 µM of CBD
or THC or a 6 µM combination of CBD and THC for 24 h. Flow cytometric cell cycle analysis was
performed using PI staining. (H,I) Eosinophils and peripheral blood mononuclear cells were treated
with increasing concentrations of CBD, THC or a combination of both (C + T; 1:1 ratio) for 24 h,
followed by cell viability assessment by MTS assay. All experiments were performed in duplicates
and at least 5 times. Data are presented as mean ± SD; ns = not significant; * = p < 0.05; ** = p < 0.01;
*** = p < 0.001 and **** = p < 0.0001; IC50 = half maximal inhibitory concentration; N.P. = not possible.

New therapeutic approaches are urgently needed in melanoma due to primary and
secondary resistance in BRAFmt. THC up to 10 µM had no effect on cell viability of BRAFmt

TP53mt cell lines SK-Mel-28, UACC-52, A2058 and Colo-800 in contrast to the A375 and
SBcl2 cell lines (Figure 1C–E and Supplementary Figure S1A), whereas CBD and CBD plus
THC (C + T) reduced cell viability in all cell lines in a concentration-dependent manner.

The metastatic cell line A2058 harbours a MAP2K1P124S mutation that makes it natu-
rally resistant to BRAF inhibitor therapy [22], which we confirmed with vemurafenib in the
MTS assay (Figure S1B). AnnexinV/PI staining confirmed a pro-apoptotic effect of C + T at
24 and 48 h (Figure 1F). Similar effects were seen in cell cycle analysis after 24 h for C + T
and for CBD at higher concentrations (Figures 1G and S1C).

It is known that cannabinoids may exhibit anti-inflammatory properties [23]. Con-
versely, anti-tumourigenic activity by immune cells, or the lack of it, is a critical factor
during cancer therapy or cancer development, respectively. Hence, we next aimed to
investigate the effect of cannabinoids on immune cell viability. Firstly, it has been shown
that eosinophils might play an essential role in the facilitation of immune therapy [24]
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and cannabinoids reduced cell viability of freshly isolated eosinophils in a concentration-
dependent bi-phasic way (Figure 1H). Secondly, since lymphocytes and monocytes also
play an important role in tumour control [25,26], we investigated the effect of cannabinoids
on peripheral blood mononuclear cells. Notably, there was no effect on cell viability within
the given concentration range (Figure 1I). Since there was no effect observed in the tested
immune cells (Figure 1H,I) when CBD 6 µM and THC 6 µM were given, we performed all
subsequent experiments with a 1:1 combination of this concentration.

3.2. Cannabinoids Mediate Their Effects by Activation of CB1, TRPV1 and PPARα Receptors

It has been widely suggested that cannabinoids mediate their effects via several
receptors including the family of cannabinoid receptors (CB), transient receptor potential
cation channel subfamily V (TRPV) [27] and the peroxisome proliferator-activated receptor
(PPAR) family [28]. To identify the receptors involved in cannabinoid signalling, cells were
pre-treated with inhibitors against PPARα (GW6471), PPARγ (GW9662), CB1 (AM251),
CB2 (AM630) and TRPV1 (AMG9810), followed by stimulation with cannabinoids for 24 h.
Pre-treatment with a CB1 receptor antagonist significantly increased viability in A2058
melanoma cells treated with C + T, whereas the CB2 receptor antagonist had no effect
(Figures 2A,B and S1D).
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Figure 2. Cannabinoids mediate their effect through the TRPV1, CB1 and PPARα receptors in
melanoma cells. A2058 melanoma cells were pre-treated with 9 µM of AM251 (CB1 antagonist) or 3 µM
of AM630 (CB2 antagonist) prior to treatment with (A) 6 µM of CBD, THC or a 1:1 combination of both
(CBD 6 µM and THC 6 µM; (C + T)), or (B) 10 µM of CBD, THC or 15 µM of THC for 24 h, followed
by cell viability assessment using the MTS assay. Cells were treated with (C) 50 µM AMG9810 (TRPV1
antagonist) or with (D) 15 µM of GW6471 (PPARα antagonist) prior to treatment with 10 µM CBD,
15 µM THC or a 6 µM combination of CBD and THC (1:1), followed by MTS cell viability assessment or
by (E–G) AnnexinV/PI co-staining (Dead: AnnexinV−/PI+, Alive: PI−/AnnexinV−). All experiments
were performed in duplicates and at least 5 times. Data are presented as mean ± SD; ns = not significant;
* = p < 0.05; ** = p < 0.01; *** = p < 0.001 and **** = p < 0.0001.
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In cells that received higher concentrations of CBD and THC, CB1 receptor antagonist
pre-treatment also significantly increased viability, whereas CB1 antagonists had more
prominent effects on THC than CBD (Figure 2B). However, these effects were not confirmed
by AnnexinV/PI staining (Figure S1D). When a potent TRPV1 inhibitor (AMG9810) was
used in the MTS assay, we observed that viability was enhanced in C + T (6 µM), CBD
(10 µM) and THC (15 µM) treated cells (Figure 2C), and this was also confirmed when
AnnexinV/PI staining was used (Figure S1E).

Several studies demonstrated that both PPARα and PPARγ could be involved in cancer
apoptosis [28]. To identify whether PPARα or PPARγ were responsible for mediating a
pro-apoptotic effect by cannabinoids, we used two specific antagonists (PPARα: GW6471
and PPARγ: GW9662). When the PPARγ antagonist (GW9662) was tested, we did not
observe any effect on cell viability (Figure S2A).

However, the PPARα antagonist (GW6471) robustly salvaged cell viability in all
conditions investigated (Figures 2D and S2B–E). Importantly, this was confirmed by Annex-
inV/PI staining in cells treated with C + T (Figure 2E), high-concentration CBD (Figure 2F)
and high-concentration THC (Figure 2G).

Since melanoma is a genetically highly heterogenous disease, we were interested if
CNR1, PPARα and TRPV1 are frequently mutated and therefore not accessible for inhibitory
therapy. Hence, we performed The Cancer Genome Atlas (TCGA) search. In 366 patients’
cases and the Cancer Cell Line Encyclopedia from Novartis and Broad Institute, which
were analysed for mutations in CNR1, TRPV1 and PPARα, up to 3% were mutated (with
no mutational hotspot) (Figure S2F,G). This may indicate that targeting the cannabinoid
pathway could potentially be a robust pharmacological approach due to the low numbers
of mutations within this pathway.

3.3. Cannabinoids Impair Mitochondrial Integrity

Mitochondria play a crucial role in cell metabolism and are often targeted by apoptotic
processes [29]. Therefore, we were interested whether cannabinoids can impair mitochon-
drial membrane potential (∆Ψm) and tested this by flow cytometry using a cationic dye
(JC-1), indicating mitochondrial membrane potential changes. Indeed, CBD and C + T im-
paired mitochondrial integrity after 24 h and C + T and after 48 h of treatment (Figure S3A).
For C + T, this impairment started as early as 2 h after initial treatment (Figure 3A) although
cell counts remained stable for up to 24 h (Figure S3B).

Next, we were interested in whether mitochondrial depolarization can be reversed
by blockade of CB1R, TRPV1 or PPARα prior to treatment with C + T. As anticipated,
mitochondrial depolarization was significantly reduced when pre-treatment was performed
with a CB1, TRPV1 or PPARα antagonist (Figures 3B and S3C–E).

One further step of proapoptotic mitochondrial activation is the release of cytochrome
c [29]. When cells were treated with C + T for 2 h, a reduction of cytochrome c con-
tent was observed, which was prevented by pre-treatment with GW6471 (Figure 3C). In
the literature, the mode of action of cannabinoids has been associated with autophagy,
whereas it has been suggested that mitochondria and autophagy initiation are linked by
p53 activation [30,31]. Two substances capable of inducing autophagy are rapamycin and
chloroquine [31]. Surprisingly, neither chloroquine nor rapamycin had any significant
impact on mitochondrial integrity in contrast to C + T in tested A2058 cells (Figure 3D). To
test whether autophagy is involved in cannabinoid-mediated mitochondrial-driven cell
death, we performed flow cytometry staining of LC3A/B in cells treated with C + T for 24 h.
As suggested in the literature, chloroquine and C + T significantly induced autophagy-
related LC3A/B vesicles. Pre-treatment with PPARα antagonist, but not with CB1 or
TRPV1 antagonists, significantly abolished this effect (Figure 3E). Next, we were interested
if pre-treatment with bafilomycin A1 (BafA1)—a potent autophagy inhibitor—was able to
increase viability in cannabinoid-treated cells. In contrast, BafA1 pre-treatment was only
capable to increase viability in chloroquine-treated cells but not in cannabinoid-treated cells
(Figure 3F). Surprisingly, AnnexinV/PI staining revealed that a blockade of autophagy with
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BafA1 increased the number of apoptotic cells when combined with high-concentration
CBD (10 µM), high-concentration THC (15 µM) or a low-concentration combination of both
(C + T 6 µM) (Figure 3G), suggesting that autophagy might not be significantly involved in
cannabinoid-induced cell death.
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Figure 3. Cannabinoids impair mitochondrial integrity. (A) Cells were treated with 6 µM of a com-
bination of CBD and THC (ratio 1:1) for 0, 2, 4, 6, 8 and 24 h followed by JC-1 staining and flow
cytometric analysis for assessment of mitochondrial integrity. (B) Prior to the combined treatment of
6 µM of CBD and THC (ratio 1:1) for 24 h, A2058 cells were treated with 9 µM AM251 (CB1 antagonist),
50 µM AMG9810 (TRPV1 antagonist) or 15 µM GW6471 (PPARα antagonist) followed by JC-1 staining
and flow cytometric analysis. An amount of 1 nM of FCCP was used as a positive control. (C) Cells
were treated with 6 µM of a combination of CBD and THC for 2 h with or without prior treatment with
15 µM of GW6471. After treatment, cells were stained for their nuclei (DAPI staining, blue), cytochrome
c (green) and their actin skeleton (phalloidin, red), and representative images were taken. (D) Cells
were treated with vehicle, 6 µM of CBD and THC, 50 µM of chloroquine, 50 µM of rapamycin or 1 nM
of FCCP for 24 h followed by JC-1 staining and flow cytometric analysis. (E) Prior to treatment with
6 µM of a combination of CBD and THC for 24 h, A2058 cells were treated with 9 µM of AM251, 50 µM
of AMG9810 or 15 µM of GW6471, stained for LC3A/B expression and analysed by flow cytometric.
(F,G) A2058 cells were treated with 100 nM of BafA1 followed by treatment with 6 µM of CBD and THC
(C + T), 10 µM CBD, 15 µM THC or 50 µM chloroquine for 24 h followed by cell viability assessment by
(F) MTS assay or (G) AnnexinV/PI co-staining. Data are presented as mean ± SD; ns = not significant;
* = p < 0.05; ** = p < 0.01; *** = p < 0.001 and **** = p < 0.0001.
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Caspases are widely known as the key modulators of apoptotic cell death and a recent
report suggested that BafA1-mediated cell death is independent of caspase activation [32,33].
Pre-treatment with BafA1 followed by cannabinoid or chloroquine treatment for 24 h did not
significantly reduce caspase-3/7 activity in A2058 melanoma cells (Figure 4A).
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Figure 4. Cannabinoids mediate their apoptotic effect in a caspase-dependent way. A2058 cells
were pre-treated with (A) 100 nM of BafA1, (B) 50 µM of AZ10417808 or (C,D) 100 µM of Z-VAD and
afterwards treated with 6 µM of CBD and 6 µM of THC (C + T; 1:1 ratio), 10 µM of CBD, 15 µM of
THC or 50 µM of chloroquine (CQ) for 24 h. (A–C) Caspase activity was assessed by caspase-glo
assay, and (D) apoptosis was assessed by AnnexinV/PI staining and flow cytometric analysis (Alive:
AnnexinV−/PI−; Early Apoptotic: AnnexinV+/PI−; Late Apoptotic: AnnexinV+/PI+ and Necrotic:
AnnexinV−/PI+). All experiments have been performed in duplicate five times. Data are presented
as mean ± SD; ns = not significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.001 and **** = p < 0.0001.

Additionally, we were interested in whether caspase activity induced by cannabinoids
can be reversed by the caspase-3 specific inhibitor AZ10417808 [34], and whether caspase
activation is induced by CBD or THC treatment. As shown in Figure 4B, AZ10417808
significantly reduced caspase activity not only in cannabinoid-treated cells but also in
chloroquine-treated cells. Accordingly, the pan-caspase inhibitor Z-VAD-MFK (ZVAD)
prevented caspase activity to non-detectable levels in cells treated with C + T (6 µM), CBD
(10 µM), THC (15 µM) and chloroquine (50 µM) (Figure 4C). We assessed whether ZVAD
could prevent apoptosis. AnnexinV/PI staining revealed that in cells treated with C + T
(6 µM), CBD (10 µM) and chloroquine (50 µM), but not in vehicle and THC (15 µM) treated
cells, ZVAD significantly increased the fraction of viable cells (Figure 4D). Finally, we
assessed whether other major apoptosis pathways including XIAP/IAP, JNK or mTOR
were involved in cannabinoid-mediated apoptosis. However, inhibitors against XIAP/IAP
(UC112) (Figure S3F), JNK (BI78D3) (Figure S3G) or mTOR (Rapamycin) (Figure S3H)
were not capable of restoring impaired viability in cannabinoid-treated cells. In contrast,
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pre-treatment with rapamycin (5 µM) further decreased viability when combined with
CBD (10 µM) or THC (15 µM) in A2058 cells.

3.4. Cannabinoids Do Not Interfere with Commonly Used Targeted Therapy

We investigated whether cannabinoids would alter the sensitivity of melanoma to
BRAF inhibitor therapy. Thus, we tested the clinically used BRAF inhibitor vemurafenib
in A2058 metastatic melanoma cells in comparison to the non-metastatic melanoma cell
line A375. Vemurafenib reduced cell viability in a concentration-dependent way in A375
cells (Figure 5A), whereas nearly no reduction was seen in A2058 cells until 30 µM of
vemurafenib were used, which is in line with the current literature [35] (Figure S1B).
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Figure 5. BRAF and MEK inhibitor therapy has no antagonistic effect on cannabinoid treatment in
metastatic melanoma cell lines. (A) A375 cells were treated with increasing dosages (100 nM, 300 nM,
1 µM, 3 µM, 10 µM, 30 µM) of vemurafenib for 24 h, and cell viability was assessed by MTS assay
afterwards. A2058 cells were pre-treated with (B) 30 nM or (C) 1 µM of trametinib or with (D) 1 µM or
(E) 5 µM of PLX4032 (Vemurafenib) followed by treatment with 6 µM of CBD and 6 µM of THC (ratio
1:1; C + T), 6 µM of CBD, 6 µM of THC, 10 µM of CBD or 15 µM of THC. Cell viability was assessed
by MTS assay. All experiments have been performed in duplicate five times. Data are presented as
mean ± SD; ns = not significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.001 and **** = p < 0.0001.
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Moreover, A2058 cells were also insensitive to the MEK inhibitor trametinib up to
10 µM when treated for 24 h (30 nM to 10 µM) (Figure S4A). This raised the question of
whether cannabinoids might be able to resensitize the metastatic melanoma cell lines for
MEK inhibitor therapy. A2058 cells were pre-treated for 30 min with trametinib followed
by different concentrations of THC, CBD or C + T for 24 h. When a low concentration
of trametinib was used (30 nM), we could observe a statistically significant reduction
in cell viability when combined with THC 6 µM or CBD 10 µM (Figure 5B). When the
concentration of trametinib was raised to 1 µM and again combined with cannabinoids,
no combination could achieve a significant reduction in viability after 24 h (Figure 5C).
Pre-treatment with 1 µM vemurafenib did not significantly reduce A2058 cell viability when
combined with different concentrations of cannabinoids (Figure 5D). After pre-treatment
with 5 µM vemurafenib, we observed a significant reduction in cell viability when combined
with CBD 6 µM and THC 15 µM (Figure 5E), suggesting that cannabinoids might be able to
resensitize some melanoma cells for BRAF inhibitor therapy.

3.5. Cannabinoids Delay Melanoma Growth In Vivo

Finally, we tested the effects of cannabinoids on melanoma growth in vivo using
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. One million A2058 cells were injected into the
right lower flank of the mice and treatment was initiated when the tumours were palpable
(Figure 6A).
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Figure 6. Cannabinoids and commonly used targeted therapy significantly reduce tumour volume
in vivo. (A) Schematic outline of the in vivo procedure. Briefly, 1 × 106 A2058 cells were injected in
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice and grown until the tumour was palpable but not longer
than two weeks. Eight mice were allocated to each group. Group one was treated with vehicle, group
two with the combination of CBD and THC in a 1:1 ratio (C + T), group three with the commonly used
targeted therapy agent trametinib (MEKi) and group four with all three drugs together (MEKi + C+T). Mice
were treated with the allocated treatment (s.c.) every day, sacrificed on day 21 after treatment initiation
and tumours were excised for further analysis. (B) Tumours were measured every day with a caliper
and tumour volume was calculated using the following formula: Volume = 0.5 × (length × width2) [16].
(C) Ex vivo tumour weight was determined on day 21. (D) Tumours were immunohistochemically stained
for the proliferation marker Ki67. Data are presented as mean ± SD; ns = not significant; * = p < 0.05;
** = p < 0.01; *** = p < 0.001 and **** = p < 0.0001.
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Thereafter, mice were treated every day for 21 days with trametinib (MEKi), a 1:1
combination of CBD and THC or a combination of all. Since all mice came from the 3R
program, they differed in age and weight and had to be equally distributed among the
groups. There was no significant difference among the groups regarding the age of the
mice (Figure S4B), but the MEKi group was heavier than the vehicle and the cannabinoid
plus MEKi group (Figure S4C).

Eight days after treatment initialization, all three treatment groups showed a significant
reduction in tumour volume (Figure 6B) and in tumour area (Figure S4D) as compared
to vehicle only. This effect remained significant until the end of the experiment (day 21).
However, there was no statistically significant difference between the single treatment
groups (C + T vs. MEKi, MEKi vs. C + T+MEKi, C + T vs. C + T+MEKi). When tumours
were excised and ex vivo tumour mass was determined, there was a significant reduction
of tumour mass in all treatment groups compared to vehicle (Figure 6C). In addition, MEKi
alone was capable of reducing tumour mass more efficiently than C + T. Finally, when
excised tumours were stained for the commonly used proliferation marker Ki67, there were
significantly reduced numbers of Ki67-positive cells in the groups treated with trametinib
(MEKi) alone or in combination with C + T (Figure 6D), whereas the expression of the
commonly used immunohistochemistry melanoma marker S100 [36] remained stable across
all groups (Figure S4E). Surprisingly, C + T alone did not significantly reduce the number
of Ki67-positive cells as compared to vehicle. These in vivo experiments demonstrated that
cannabinoids have a strong anti-tumour effect, which, however, differs from that of the
MEK inhibitor trametinib.

4. Discussion

In this study, we demonstrated that (i) cannabinoids have toxic, anti-tumour effects in
multiple melanoma cell lines, although to a different extent, (ii) that cannabinoids mediate
their effects via CB1R, TRPV1 and PPARα leading to mitochondrial, caspase-mediated cell
death and (iii) that cannabinoids have no antagonistic effect when combined with modern
targeted therapy in vivo.

It has been shown that cannabinoids are able to inhibit angiogenesis by down-regulation
of the vascular endothelial growth factor (VEGF) pathway in cancer cells [37]. This re-
sults in a normalized tumour vasculature that is smaller and contains fewer vessels that
appear more differentiated and less leaky. In contrast, cannabinoids are able to promote
tumour growth in HPV-positive head and neck cancer cell lines [38]. It was also shown
that cannabinoids inhibit adhesion, migration and invasiveness of glioma, lung, breast
and cervical cancer cells in vitro [39–42]. Interestingly, there have also been reports of
in vitro assays showing that a variety of different cell lines from different tumour types
(lung cancer, squamous cell carcinoma, bladder carcinoma, glioblastoma, astrocytoma
and kidney cancer) show increased proliferation through EGFR and ERK signalling when
treated with THC [12]. Similar findings were described when breast cancer cell lines were
used in vivo and in vitro, demonstrating increased cell proliferation and metastatic spread
by THC exposure [13]. Since melanoma is the tumour with the highest mutational burden,
and, therefore, the tumour with the highest genetic diversity, it might be no surprise that
melanoma cells have a high likelihood to exhibit primary resistance against cannabinoid
treatment [43].

For these reasons, we were first of all interested in whether cannabinoids would have
a comparable pro-apoptotic effect in several different melanoma cell lines. The commonly
used A375 non-metastatic horizontally grown melanoma cell line showed a concentration-
dependent decrease in viability when different concentrations of THC were used. This is
in line with previously published reports [30]. To test their potential therapeutic efficacy,
we tested cannabinoids in different metastatic melanoma cell lines, and, as shown in SK-
Mel-28, THC alone had no significant effect on cell viability, which is again in line with the
literature [30]. Furthermore, CBD alone showed only moderate effects in these cell lines but
when THC and CBD were combined, there was a concentration-dependent reduction in cell
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viability in all melanoma cell lines. Viability was affected in immune cells only at higher
concentrations (monocytes and lymphocytes) and in biphasic behaviour in eosinophils.
This is of biological importance since it has been shown that immune cells play a pivotal
role in fighting cancer including the modulation of immune checkpoint inhibitor-directed
response [24,44]. Interestingly, all three combinations tested could reduce cell viability in
eosinophils, although in a bimodal way as partially shown previously [44].

Up to date, two subtypes of cannabinoid G-coupled receptors, CB1, and CB2, could
be identified and fully characterized [7–9]. It has been demonstrated that CB1 is mainly
expressed in different regions of the brain and, to a lesser extent, also in cardiomyocytes,
adipocytes, hepatocytes and other cells [45]. In contrast, the CB2 receptor is mainly ex-
pressed in all hematopoietic cells [46]. In our study, we could demonstrate that the effect
of THC is mediated through CB1. This might be no surprise since melanoma cells are
originally derived from the neural crest and CB1 is mainly expressed in the brain [47–49].
However, treatment with CBD seems to be independent of CB1 receptor signalling. Other
targets of cannabinoids including the peroxisome proliferator-activated receptors (PPAR) α
and PPARγ, transient receptor potential vanilloid-1 (TRPV1) channels, G protein-coupled
receptor (GPR) 55 and GPR35 have been described in the literature [11]. Importantly, we
demonstrated that THC, as well as CBD, mediates its apoptotic effect through TRPV1.
Further, there are reports available showing that PPARα activation is associated with a
pro-apoptotic function by promoting BCL2 degradation and activation of caspase-3 [50,51].
In addition to TRPV1, we could confirm that both substances mediate their pro-apoptotic ef-
fects through PPARα signalling. Notably, it has been shown that breast cancer patients that
lacked PPARα expression had a significantly shorter overall survival [52]. In melanoma,
PPARα activation has been proposed to reduce metastatic potential via the down-regulation
of AKT [53].

Apoptosis can be mediated by many pathways, including caspases. Caspase-dependent
pathways can be further divided into the extrinsic and the intrinsic activation part, whereas
the extrinsic pathway is mainly activated by death ligand receptors including TRAIL,
CD95, TNFα and others [54]. This leads to the recruitment of Fas-associated death domain
(FADD) in combination with caspase-8, which in turn activates down-stream caspases and
initiates apoptosis [55]. The intrinsic pathway is activated by stress signals that lead to
the release of pro-apoptotic factors such as apoptosis-inducing factor (AIF), cytochrome
c or Smac/DIABLO from the mitochondrial intermembrane space, thereby quickly initi-
ating mitochondrial membrane depolarization [56]. When A2058 cells were treated with
cannabinoids, we observed that mitochondrial depolarization was disrupted as early as
2 h post treatment for up to 24 h. Importantly, we did not see any reduction in cell count
until 24 h of cannabinoid treatment. Similar findings were made with cannabidiol in acute
lymphoblastic leukemia cells [57]. Due to the highly lipophilic nature of cannabinoids, it
has been proposed that they might have a direct effect on the mitochondrial membrane
rather than it being a receptor-mediated action [58]. Nevertheless, there have also been
some reports—which are in line with our findings—that activation of TRPV1 or CB1 can
lead to mitochondria-mediated cell death [59–61]. Recent publications have suggested
that cannabinoids might mediate their apoptotic effects by cytochrome c release from the
mitochondrial membrane and consecutive activation of autophagy in different cancer cell
lines [62,63]. When autophagy has been investigated in cannabinoid-treated cells, similar
effects have been observed [30]. Surprisingly, we were not able to confirm previous findings
that autophagy is involved in cell death mediated by cannabinoids in metastatic melanoma
cells, and this might be due to the fact that autophagy depends on the activation of PTEN
and p53 [64]. However, when melanoma exhibits a metastatic phenotype, loss of function
mutations in PTEN and tp53 are commonly seen, and these mutations are needed for a
more invasive and aggressive phenotype [21]. On the other hand, it has been reported that
cannabinoids mediate their apoptotic activity through caspase activation in many types of
cancers [65]. In line with these reports, we demonstrated that cannabinoids can activate the
intrinsic caspase pathway through mitochondrial disruption and caspase-3/7 activation.
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However, it has been recently shown that caspase-3/7 activation does not necessarily lead
to increased apoptosis in melanoma, especially when melanoma cells exhibit a metastatic
phenotype [66]. Importantly, we demonstrated that caspase activation in our metastatic
melanoma cell line led to increased apoptosis in an autophagy-independent way.

Cancer patients tend to use cannabis alongside clinical therapy to relieve their symp-
toms or in the belief that it is a good alternative to commonly used therapies [67]. Acute side
effects of acute cannabis intake include euphoria, continuous laughter and talkativeness,
sedation, lethargy and intensification of ordinary sensory experiences as well as perceptual
distortion [68]. However, for cancer patients, the long-term effects of cannabis use are
more important. It has been shown that chronic cannabis consumption can lead to the
development of psychosis [69]. This is of importance since it was suggested that lifetime
use of cannabis increases the risk of depression as well as greater suicidal ideation [70].
Especially important for cancer patients is the fact that lifetime consumption seems to
be a relevant risk factor for suicidal attempts, suggesting that patients receiving such a
supporting therapy need continuous monitoring as well as psychological support [71].
This has to be kept in mind when patients take it alongside their clinical therapy [72]. In
addition, a recent study suggests that cannabinoids taken together with a commonly used
immune checkpoint inhibitor reduce the efficacy of the latter one [73].

Thus, this raises two important questions regarding cannabinoid intake: first, what
would be the direct effect of cannabinoids on cancer growth in vivo, and second, does
commonly used modern pharmacological therapy interfere with cannabinoid intake?

In our in vivo model, we demonstrated that the clinically used combination of CBD
and THC significantly reduced tumour growth in BRAFV600E mutated metastatic highly
malignant melanoma cells. In previous works, Blazquez et al. paved the way for further
cannabinoid studies, showing that the synthetic cannabinoids JWH-133 and WIN-55,212–2
have anti-proliferative and anti-metastatic effects in mice bearing B16 murine melanoma
cells [74]. Simmerman et al. could demonstrate that CBD monotherapy can prolong survival
in mice with B16F10 melanoma cells although not as long as cisplatin [75]. Similar findings
were made when THC monotherapy was used in murine HCmel12 cells but not in murine
B16 melanoma cells [76]. Armstrong et al. could further show that CHL-1 melanoma cells
were affected by treatment with THC or CBD in combination with THC in a xenograft
mouse model [30]. In addition to all these findings, we tested in our in vivo model if
the commonly used MEK inhibitor trametinib has an effect on the BRAFV600E mutated
A2058 metastatic melanoma cells and if the combination of CBD and THC interferes with
trametinib in vivo. We demonstrated that there was no significant difference between
all therapeutic groups. This is remarkable since there have been reports suggesting that
cannabinoids might mediate their apoptotic potential over activation of MEK/ERK [77,78].
As opposed to these findings, there have been reports that cannabinoids can inhibit the
MAPK pathway similar to MEK inhibitors in colon cancer cell lines, suggesting that there
are cell type-specific cannabinoid-induced effects [79].

5. Conclusions

In summary, these data highlight the potential for cannabinoids to induce melanoma
cell apoptosis in vitro and to limit their growth in vivo. Hence, cannabinoids might be
used as supportive therapy in combination with modern targeted therapy in patients with
metastatic melanoma, since they promote cell death in a caspase-dependent, autophagy-
independent way.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology12050706/s1, Figure S1: Effect of cannabinoid, vemu-
rafenib, AM251, AMG9810 and chloroquine treatment on melanoma cell viability. Figure S2: GW6471
can increase cell viability in cannabinoid treated melanoma cells and PPARa is rarely mutated in
melanoma. Figure S3: Impact of cannabinoids on cell depolarization and impact of different antago-
nists on cannabinoid-induced reduction in melanoma cell viability. Figure S4: Effect of Trametinib
treatment on melanoma cell viability and in-vivo treatment group characteristics including tumour
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Shain et al. [21].

Author Contributions: Conceptualization G.R., M.K., S.R., D.R., J.E., Z.S., M.P., G.H. and A.H.; data
curation G.R. and M.K.; formal analysis G.R., M.K., S.R., D.R., J.E., Z.S., M.P., G.H. and A.H.; funding
acquisition J.E., M.P., G.H. and A.H.; investigation G.R. and M.K.; methodology G.R., M.K., S.R., D.R.,
J.E., Z.S., M.P., G.H. and A.H.; project administration G.R., J.E., M.P., G.H. and A.H.; resources J.E.,
M.P., G.H. and A.H.; software M.P., G.H. and A.H.; supervision J.E., M.P., G.H. and A.H.; validation
G.R.; visualization G.R., M.K., S.R., D.R., J.E., Z.S., M.P., G.H. and A.H.; writing—original draft G.R.
and A.H.; writing—review and editing M.K., S.R., D.R., J.E., Z.S., M.P. and G.H.; All authors have
read and agreed to the published version of the manuscript.

Funding: G.R., S.R., M.K. and D.R. received funding from the Austrian Science Fund FWF (doctoral
programs: DK-MOLIN (W1241)) and were trained within the frame of the Ph.D. Program Molecular
Medicine of the Medical University of Graz.

Institutional Review Board Statement: The animal study protocol was approved by the national
animal ethics committee (BMBWF-66.010/0139-V/3b/2019; date of approval: 04.11.2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The data shown here are in part based upon data generated by the TCGA
Research Network (TCGA, http://cancergenome.nih.gov/, 18 November 2018) and visualized by
using www.cbioportal.org, 18 November 2018. The authors gratefully thank Andreas Reinisch for
providing mice and mouse facilities. This research was funded in whole, or in part, by the Austrian
Science Fund (FWF) [W1241]. For the purpose of open access, the author has applied a CC BY public
copyright licence to any Author Accepted Manuscript version arising from this submission.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

References
1. Schadendorf, D.; van Akkooi, A.C.J.; Berking, C.; Griewank, K.G.; Gutzmer, R.; Hauschild, A.; Stang, A.; Roesch, A.; Ugurel, S.

Melanoma. Lancet 2018, 392, 971–984. [CrossRef]
2. Wode, K.; Henriksson, R.; Sharp, L.; Stoltenberg, A.; Nordberg, J.H. Cancer patients’ use of complementary and alternative

medicine in Sweden: A cross-sectional study. BMC Complement. Altern. Med. 2019, 19, 62. [CrossRef] [PubMed]
3. Buckner, C.A.; Lafrenie, R.M.; Dénommée, J.A.; Caswell, J.M.; Want, D.A. Complementary and alternative medicine use in

patients before and after a cancer diagnosis. Curr. Oncol. 2018, 25. [CrossRef] [PubMed]
4. Mayr, C.; Wagner, A.; Neureiter, D.; Pichler, M.; Jakab, M.; Illig, R.; Berr, F.; Kiesslich, T. The green tea catechin epigallocatechin

gallate induces cell cycle arrest and shows potential synergism with cisplatin in biliary tract cancer cells. BMC Complement. Altern.
Med. 2015, 15, 194. [CrossRef] [PubMed]

5. Atalay, S.; Jarocka-Karpowicz, I.; Skrzydlewska, E. Antioxidative and Anti-Inflammatory Properties of Cannabidiol. Antioxidants
2019, 9, 21. [CrossRef] [PubMed]

6. Atakan, Z. Cannabis, a complex plant: Different compounds and different effects on individuals. Ther. Adv. Psychopharmacol.
2012, 2, 241–254. [CrossRef]

7. Matsuda, L.A.; Lolait, S.J.; Brownstein, M.J.; Young, A.C.; Bonner, T.I. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature 1990, 346, 561–564. [CrossRef]

8. Aso, E.; Ferrer, I. Cannabinoids for treatment of alzheimer’s disease: Moving toward the clinic. Front. Pharmacol. 2014, 5.
[CrossRef]

9. Grotenhermen, F. Pharmacokinetics and pharmacodynamics of cannabinoids. Clin. Pharm. 2003, 42, 327–360. [CrossRef]
10. Busquets-Garcia, A.; Bains, J.; Marsicano, G. CB1 Receptor Signaling in the Brain: Extracting Specificity from Ubiquity. Neuropsy-

chopharmacology 2018, 43, 4–20. [CrossRef]
11. Pertwee, R.G.; Howlett, A.C.; Abood, M.E.; Alexander, S.P.H.; Di Marzo, V.; Elphick, M.R.; Greasley, P.J.; Hansen, H.S.; Kunos, G.;

Mackie, K.; et al. International Union of Basic and Clinical Pharmacology. LXXIX. Cannabinoid Receptors and Their Ligands:
Beyond CB 1 and CB 2. Pharm. Rev. 2010, 62, 588–631. [CrossRef] [PubMed]

12. Hart, S.; Fischer, O.M.; Ullrich, A. Cannabinoids induce cancer cell proliferation via tumor necrosis factor alpha-converting
enzyme (TACE/ADAM17)-mediated transactivation of the epidermal growth factor receptor. Cancer Res. 2004, 64, 1943–1950.
[CrossRef] [PubMed]

http://cancergenome.nih.gov/
www.cbioportal.org
https://doi.org/10.1016/S0140-6736(18)31559-9
https://doi.org/10.1186/s12906-019-2452-5
https://www.ncbi.nlm.nih.gov/pubmed/30866916
https://doi.org/10.3747/co.25.3884
https://www.ncbi.nlm.nih.gov/pubmed/30111972
https://doi.org/10.1186/s12906-015-0721-5
https://www.ncbi.nlm.nih.gov/pubmed/26100134
https://doi.org/10.3390/antiox9010021
https://www.ncbi.nlm.nih.gov/pubmed/31881765
https://doi.org/10.1177/2045125312457586
https://doi.org/10.1038/346561a0
https://doi.org/10.3389/fphar.2014.00037
https://doi.org/10.2165/00003088-200342040-00003
https://doi.org/10.1038/npp.2017.206
https://doi.org/10.1124/pr.110.003004
https://www.ncbi.nlm.nih.gov/pubmed/21079038
https://doi.org/10.1158/0008-5472.CAN-03-3720
https://www.ncbi.nlm.nih.gov/pubmed/15026328


Biology 2023, 12, 706 17 of 19

13. McKallip, R.J.; Nagarkatti, M.; Nagarkatti, P.S. ∆-9-Tetrahydrocannabinol Enhances Breast Cancer Growth and Metastasis by
Suppression of the Antitumor Immune Response. J. Immunol. 2005, 174, 3281–3289. [CrossRef] [PubMed]

14. Theiler, A.; Bärnthaler, T.; Platzer, W.; Richtig, G.; Peinhaupt, M.; Rittchen, S.; Kargl, J.; Ulven, T.; Marsh, L.M.; Marsche, G.; et al.
Butyrate ameliorates allergic airway inflammation by limiting eosinophil trafficking and survival. J. Allergy Clin. Immunol. 2019,
144, 764–776. [CrossRef] [PubMed]

15. Bankhead, P.; Loughrey, M.B.; Fernández, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G.; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
[PubMed]

16. Jensen, M.M.; Jørgensen, J.T.; Binderup, T.; Kjær, A. Tumor volume in subcutaneous mouse xenografts measured by microCT
is more accurate and reproducible than determined by 18F-FDG-microPET or external caliper. BMC Med. Imaging 2008, 8, 16.
[CrossRef]

17. Lawrence, M.S.; Stojanov, P.; Polak, P.; Kryukov, G.V.; Cibulskis, K.; Sivachenko, A.; Carter, S.L.; Stewart, C.; Mermel, C.H.;
Roberts, S.A.; et al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature 2013, 499, 214–218.
[CrossRef] [PubMed]

18. Portenoy, R.K.; Ganae-Motan, E.D.; Allende, S.; Yanagihara, R.; Shaiova, L.; Weinstein, S.; McQuade, R.; Wright, S.; Fallon,
M.T. Nabiximols for Opioid-Treated Cancer Patients With Poorly-Controlled Chronic Pain: A Randomized, Placebo-Controlled,
Graded-Dose Trial. J. Pain. 2012, 13, 438–449. [CrossRef]

19. Lynch, M.E.; Cesar-Rittenberg, P.; Hohmann, A.G.; Double-Blind, A. Placebo-Controlled, Crossover Pilot Trial With Extension
Using an Oral Mucosal Cannabinoid Extract for Treatment of Chemotherapy-Induced Neuropathic Pain. J. Pain. Symptom Manag.
2014, 47, 166–173. [CrossRef]

20. López-Valero, I.; Torres, S.; Salazar-Roa, M.; García-Taboada, E.; Hernández-Tiedra, S.; Guzmán, M.; Sepúlveda, J.M.; Velasco, G.;
Lorente, M. Optimization of a preclinical therapy of cannabinoids in combination with temozolomide against glioma. Biochem.
Pharm. 2018, 157, 275–284. [CrossRef]

21. Shain, A.H.; Yeh, I.; Kovalyshyn, I.; Sriharan, A.; Talevich, E.; Gagnon, A.; Dummer, R.; North, J.P.; Pincus, L.B.; Ruben, B.S.; et al.
The Genetic Evolution of Melanoma from Precursor Lesions. N. Engl. J. Med. 2015, 373, 1926–1936. [CrossRef] [PubMed]

22. Carlino, M.S.; Fung, C.; Shahheydari, H.; Todd, J.R.; Boyd, S.C.; Irvine, M.; Nagrial, A.M.; Scolyer, R.A.; Kefford, R.F.; Long, G.V.;
et al. Preexisting MEK1 P124 Mutations Diminish Response to BRAF Inhibitors in Metastatic Melanoma Patients. Clin. Cancer Res.
2015, 21, 98–105. [CrossRef] [PubMed]

23. Nagarkatti, P.; Pandey, R.; Rieder, S.A.; Hegde, V.L.; Nagarkatti, M. Cannabinoids as novel anti-inflammatory drugs. Future Med.
Chem. 2009, 1, 1333–1349. [CrossRef] [PubMed]

24. Delyon, J.; Mateus, C.; Lefeuvre, D.; Lanoy, E.; Zitvogel, L.; Chaput, N.; Roy, S.; Eggermont, A.M.M.; Routier, E.; Robert, C.
Experience in daily practice with ipilimumab for the treatment of patients with metastatic melanoma: An early increase in
lymphocyte and eosinophil counts is associated with improved survival. Ann. Oncol. 2013, 24, 1697–1703. [CrossRef] [PubMed]

25. Ostuni, R.; Kratochvill, F.; Murray, P.J.; Natoli, G. Macrophages and cancer: From mechanisms to therapeutic implications. Trends
Immunol. 2015, 36, 229–239. [CrossRef]

26. Zamarron, B.F.; Chen, W. Dual Roles of Immune Cells and Their Factors in Cancer Development and Progression. Int. J. Biol. Sci.
2011, 7, 651–658. [CrossRef]

27. Muller, C.; Morales, P.; Reggio, P.H. Cannabinoid Ligands Targeting TRP Channels. Front. Mol. Neurosci. 2019, 11, 487. [CrossRef]
28. O’Sullivan, S.E. An update on PPAR activation by cannabinoids. Br. J. Pharm. 2016, 173, 1899–1910. [CrossRef]
29. Wang, C.; Youle, R.J. The Role of Mitochondria in Apoptosis. Annu. Rev. Genet. 2009, 43, 95–118. [CrossRef]
30. Armstrong, J.L.; Hill, D.S.; McKee, C.S.; Hernandez-Tiedra, S.; Lorente, M.; Lopez-Valero, I.; Anagnostou, M.E.; Babatunde,

F.; Corazzari, M.; Redfern, C.P.F.; et al. Exploiting cannabinoid-induced cytotoxic autophagy to drive melanoma cell death.
J. Investig. Derm. 2015, 135, 1629–1637. [CrossRef]

31. Liu, K.; Lee, J.; Kim, J.Y.; Wang, L.; Tian, Y.; Chan, S.T.; Cho, C.; Machida, K.; Chen, D.; Ou, J.-H.J. Mitophagy Controls the
Activities of Tumor Suppressor p53 to Regulate Hepatic Cancer Stem Cells. Mol. Cell. 2017, 68, 281–292.e5. [CrossRef] [PubMed]

32. Tsapras, P.; Nezis, I.P. Caspase involvement in autophagy. Cell. Death Differ. 2017, 24, 1369–1379. [CrossRef] [PubMed]
33. Yan, Y.; Jiang, K.; Liu, P.; Zhang, X.; Dong, X.; Gao, J.; Liu, Q.; Barr, M.P.; Zhang, Q.; Hou, X.; et al. Bafilomycin A1 induces

caspase-independent cell death in hepatocellular carcinoma cells via targeting of autophagy and MAPK pathways. Sci. Rep. 2016,
6, 37052. [CrossRef] [PubMed]

34. Choi, H.; Chaiyamongkol, W.; Doolittle, A.C.; Johnson, Z.I.; Gogate, S.S.; Schoepflin, Z.R.; Shapiro, I.M.; Risbud, M.V. COX-2
expression mediated by calcium-TonEBP signaling axis under hyperosmotic conditions serves osmoprotective function in nucleus
pulposus cells. J. Biol. Chem. 2018, 293, 8969–8981. [CrossRef]

35. Xiao, J.; Egger, M.E.; McMasters, K.M.; Hao, H. Differential expression of ABCB5 in BRAF inhibitor-resistant melanoma cell lines.
BMC Cancer 2018, 18, 675. [CrossRef]

36. Ohsie, S.J.; Sarantopoulos, G.P.; Cochran, A.J.; Binder, S.W. Immunohistochemical characteristics of melanoma. J. Cutan. Pathol.
2008, 35, 433–444. [CrossRef]

37. Casanova, M.L.; Blázquez, C.; Martínez-Palacio, J.; Villanueva, C.; Fernández-Aceñerp, M.J.; Huffman, J.W.; Jorcano, J.L.; Guzmán,
M. Inhibition of skin tumor growth and angiogenesis in vivo by activation of cannabinoid receptors. J. Clin. Investig. 2003, 111,
43–50. [CrossRef]

https://doi.org/10.4049/jimmunol.174.6.3281
https://www.ncbi.nlm.nih.gov/pubmed/15749859
https://doi.org/10.1016/j.jaci.2019.05.002
https://www.ncbi.nlm.nih.gov/pubmed/31082458
https://doi.org/10.1038/s41598-017-17204-5
https://www.ncbi.nlm.nih.gov/pubmed/29203879
https://doi.org/10.1186/1471-2342-8-16
https://doi.org/10.1038/nature12213
https://www.ncbi.nlm.nih.gov/pubmed/23770567
https://doi.org/10.1016/j.jpain.2012.01.003
https://doi.org/10.1016/j.jpainsymman.2013.02.018
https://doi.org/10.1016/j.bcp.2018.08.023
https://doi.org/10.1056/NEJMoa1502583
https://www.ncbi.nlm.nih.gov/pubmed/26559571
https://doi.org/10.1158/1078-0432.CCR-14-0759
https://www.ncbi.nlm.nih.gov/pubmed/25370473
https://doi.org/10.4155/fmc.09.93
https://www.ncbi.nlm.nih.gov/pubmed/20191092
https://doi.org/10.1093/annonc/mdt027
https://www.ncbi.nlm.nih.gov/pubmed/23439861
https://doi.org/10.1016/j.it.2015.02.004
https://doi.org/10.7150/ijbs.7.651
https://doi.org/10.3389/fnmol.2018.00487
https://doi.org/10.1111/bph.13497
https://doi.org/10.1146/annurev-genet-102108-134850
https://doi.org/10.1038/jid.2015.45
https://doi.org/10.1016/j.molcel.2017.09.022
https://www.ncbi.nlm.nih.gov/pubmed/29033320
https://doi.org/10.1038/cdd.2017.43
https://www.ncbi.nlm.nih.gov/pubmed/28574508
https://doi.org/10.1038/srep37052
https://www.ncbi.nlm.nih.gov/pubmed/27845389
https://doi.org/10.1074/jbc.RA117.001167
https://doi.org/10.1186/s12885-018-4583-3
https://doi.org/10.1111/j.1600-0560.2007.00891.x
https://doi.org/10.1172/JCI200316116


Biology 2023, 12, 706 18 of 19

38. Liu, C.; Sadat, S.H.; Ebisumoto, K.; Sakai, A.; Panuganti, B.A.; Ren, S.; Goto, Y.; Haft, S.; Fukusumi, T.; Ando, M.; et al.
Cannabinoids Promote Progression of HPV-Positive Head and Neck Squamous Cell Carcinoma via p38 MAPK Activation. Clin.
Cancer Res. 2020, 26, 2693–2703. [CrossRef]

39. Blázquez, C.; Salazar, M.; Carracedo, A.; Lorente, M.; Egia, A.; González-Feria, L.; Haro, A.; Velasco, G.; Guzmán, M. Cannabinoids
inhibit glioma cell invasion by down-regulating matrix metalloproteinase-2 expression. Cancer Res. 2008, 68, 1945–1952. [CrossRef]

40. Preet, A.; Ganju, R.; Groopman, J. ∆9-Tetrahydrocannabinol inhibits epithelial growth factor-induced lung cancer cell migration
in vitro as well as its growth and metastasis in vivo. Oncogene 2008, 27, 339–346. [CrossRef]

41. Qamri, Z.; Preet, A.; Nasser, M.W.; Bass, C.E.; Leone, G.; Barsky, S.H.; Ganju, R.K. Synthetic cannabinoid receptor agonists inhibit
tumor growth and metastasis of breast cancer. Mol. Cancer Ther. 2009, 8, 3117–3129. [CrossRef]

42. Ramer, R.; Hinz, B. Inhibition of cancer cell invasion by cannabinoids via increased expression of tissue inhibitor of matrix
metalloproteinases-1. J. Natl. Cancer Inst. 2008, 100, 59–69. [CrossRef] [PubMed]

43. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.J.R.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.;
Børresen-Dale, A.-L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415–421. [CrossRef] [PubMed]

44. Frei, R.B.; Luschnig, P.; Parzmair, G.P.; Peinhaupt, M.; Schranz, S.; Fauland, A.; Wheelock, C.E.; Heinemann, A.; Sturm, E.M.
Cannabinoid receptor 2 augments eosinophil responsiveness and aggravates allergen-induced pulmonary inflammation in mice.
Allergy 2016, 71, 944–956. [CrossRef] [PubMed]

45. Howlett, A.C.; Abood, M.E. CB 1 and CB 2 Receptor Pharmacology. Adv. Pharmacol. 2017, 80, 169–206. [CrossRef]
46. Malfitano, A.M.; Basu, S.; Maresz, K.; Bifulco, M.; Dittel, B.N. What we know and do not know about the cannabinoid receptor 2

(CB2). Semin. Immunol. 2014, 26, 369–379. [CrossRef]
47. Hillard, C.J. Stress regulates endocannabinoid-CB1 receptor signaling. Semin. Immunol. 2014, 26, 380–388. [CrossRef]
48. Moldrich, G.; Wenger, T. Localization of the CB1 cannabinoid receptor in the rat brain. An immunohistochemical studyI. Peptides

2000, 21, 1735–1742. [CrossRef]
49. Shakhova, O. Neural crest stem cells in melanoma development. Curr. Opin. Oncol. 2014, 26, 215–221. [CrossRef]
50. Gao, J.; Liu, Q.; Xu, Y.; Gong, X.; Zhang, R.; Zhou, C.; Su, Z.; Jin, J.; Shi, H.; Shi, J.; et al. PPARα induces cell apoptosis by

destructing Bcl2. Oncotarget 2015, 6, 44635–44642. [CrossRef]
51. Li, T.; Zhang, Q.; Zhang, J.; Yang, G.; Shao, Z.; Luo, J.; Fan, M.; Ni, C.; Wu, Z.; Hu, X. Fenofibrate induces apoptosis of

triple-negative breast cancer cells via activation of NF-κB pathway. BMC Cancer 2014, 14, 96. [CrossRef] [PubMed]
52. Baker, B.G.; Ball, G.R.; Rakha, E.A.; Nolan, C.C.; Caldas, C.; Ellis, I.O.; Green, A.R. Lack of expression of the proteins GMPR2 and

PPARα are associated with the basal phenotype and patient outcome in breast cancer. Breast Cancer Res. Treat. 2013, 137, 127–137.
[CrossRef] [PubMed]

53. Grabacka, M.; Plonka, P.M.; Urbanska, K.; Reiss, K. Peroxisome Proliferator–Activated Receptor α Activation Decreases Metastatic
Potential of Melanoma Cells In vitro via Down-Regulation of Akt. Clin. Cancer Res. 2006, 12, 3028–3036. [CrossRef] [PubMed]

54. Walczak, H.; Krammer, P.H. The CD95 (APO-1/Fas) and the TRAIL (APO-2L) Apoptosis Systems. Exp. Cell. Res. 2000, 256, 58–66.
[CrossRef]

55. Fulda, S.; Debatin, K.-M. Extrinsic versus intrinsic apoptosis pathways in anticancer chemotherapy. Oncogene 2006, 25, 4798–4811.
[CrossRef]

56. Perelman, A.; Wachtel, C.; Cohen, M.; Haupt, S.; Shapiro, H.; Tzur, A. JC-1: Alternative excitation wavelengths facilitate
mitochondrial membrane potential cytometry. Cell. Death Dis. 2012, 3, e430. [CrossRef]

57. Olivas-Aguirre, M.; Torres-López, L.; Valle-Reyes, J.S.; Hernández-Cruz, A.; Pottosin, I.; Dobrovinskaya, O. Cannabidiol directly
targets mitochondria and disturbs calcium homeostasis in acute lymphoblastic leukemia. Cell. Death Dis. 2019, 10, 779. [CrossRef]

58. Hebert-Chatelain, E.; Marsicano, G.; Desprez, T. Cannabinoids and Mitochondria. In Endocannabinoids and Lipid Mediators in Brain
Functions; Springer International Publishing: Cham, Switzerland, 2017; pp. 211–235. [CrossRef]

59. Kim, S.R.; Kim, S.U.; Oh, U.; Jin, B.K. Transient Receptor Potential Vanilloid Subtype 1 Mediates Microglial Cell Death In Vivo
and In Vitro via Ca 2+ -Mediated Mitochondrial Damage and Cytochrome c Release. J. Immunol. 2006, 177, 4322–4329. [CrossRef]

60. Kim, S.R.; Kim, S.U.; Oh, U.; Jin, B.K. Transient Receptor Potential Vanilloid 1 Expression Mediates Capsaicin-Induced Cell Death.
Front. Physiol. 2018, 9, 682. [CrossRef]

61. Pellerito, O.; Notaro, A.; Sabella, S.; De Blasio, A.; Vento, R.; Calvaruso, G.; Giuliano, M. WIN induces apoptotic cell death in
human colon cancer cells through a block of autophagic flux dependent on PPARγ down-regulation. Apoptosis 2014, 19, 1029–1042.
[CrossRef]

62. Dando, I.; Donadelli, M.; Costanzo, C.; Dalla Pozza, E.; D’Alessandro, A.; Zolla, L.; Palmieri, M. Cannabinoids inhibit energetic
metabolism and induce AMPK-dependent autophagy in pancreatic cancer cells. Cell. Death Dis. 2013, 4, e664. [CrossRef]
[PubMed]

63. Salazar, M.; Carracedo, A.; Salanueva, J.; Hernández-Tiedra, S.; Lorente, M.; Egia, A.; Vázquez, P.; Blázquez, C.; Torres, S.; García,
S.; et al. Cannabinoid action induces autophagy-mediated cell death through stimulation of ER stress in human glioma cells.
J. Clin. Investig. 2009, 119, 1359–1372. [CrossRef] [PubMed]

64. Mrakovcic, M.; Fröhlich, L.F. p53-Mediated Molecular Control of Autophagy in Tumor Cells. Biomolecules 2018, 8, 14. [CrossRef]
65. Sreevalsan, S.; Joseph, S.; Jutooru, I.; Chadalapaka, G.; Safe, S.H. Induction of apoptosis by cannabinoids in prostate and colon

cancer cells is phosphatase dependent. Anticancer. Res. 2011, 31, 3799–3807. [PubMed]

https://doi.org/10.1158/1078-0432.CCR-18-3301
https://doi.org/10.1158/0008-5472.CAN-07-5176
https://doi.org/10.1038/sj.onc.1210641
https://doi.org/10.1158/1535-7163.MCT-09-0448
https://doi.org/10.1093/jnci/djm268
https://www.ncbi.nlm.nih.gov/pubmed/18159069
https://doi.org/10.1038/nature12477
https://www.ncbi.nlm.nih.gov/pubmed/23945592
https://doi.org/10.1111/all.12858
https://www.ncbi.nlm.nih.gov/pubmed/26850094
https://doi.org/10.1016/bs.apha.2017.03.007
https://doi.org/10.1016/j.smim.2014.04.002
https://doi.org/10.1016/j.smim.2014.04.001
https://doi.org/10.1016/S0196-9781(00)00324-7
https://doi.org/10.1097/CCO.0000000000000046
https://doi.org/10.18632/oncotarget.5988
https://doi.org/10.1186/1471-2407-14-96
https://www.ncbi.nlm.nih.gov/pubmed/24529079
https://doi.org/10.1007/s10549-012-2302-3
https://www.ncbi.nlm.nih.gov/pubmed/23208589
https://doi.org/10.1158/1078-0432.CCR-05-2556
https://www.ncbi.nlm.nih.gov/pubmed/16707598
https://doi.org/10.1006/excr.2000.4840
https://doi.org/10.1038/sj.onc.1209608
https://doi.org/10.1038/cddis.2012.171
https://doi.org/10.1038/s41419-019-2024-0
https://doi.org/10.1007/978-3-319-57371-7_8
https://doi.org/10.4049/jimmunol.177.7.4322
https://doi.org/10.3389/fphys.2018.00682
https://doi.org/10.1007/s10495-014-0985-0
https://doi.org/10.1038/cddis.2013.151
https://www.ncbi.nlm.nih.gov/pubmed/23764845
https://doi.org/10.1172/JCI37948
https://www.ncbi.nlm.nih.gov/pubmed/19425170
https://doi.org/10.3390/biom8020014
https://www.ncbi.nlm.nih.gov/pubmed/22110202


Biology 2023, 12, 706 19 of 19

66. Berthenet, K.; Ferrer, C.C.; Fanfone, D.; Popgeorgiev, N.; Neves, D.; Bertolino, P.; Gibert, B.; Hernandez-Vargas, H.; Ichim, G.
Failed Apoptosis Enhances Melanoma Cancer Cell Aggressiveness. Cell. Rep. 2020, 31, 107731. [CrossRef] [PubMed]

67. Cortellini, A.; Porzio, G.; Cofini, V.; Necozione, S.; Giusti, R.; Marchetti, P.; Spiriti, M.A.A.; Costanzi, A.; Peris, F.; Ravoni, G.; et al.
What cancer patients actually know regarding medical cannabis? A cross-sectional survey with a critical analysis of the current
attitudes. J. Oncol. Pharm. Pract. 2019, 25, 1439–1444. [CrossRef]

68. Johns, A. Psychiatric effects of cannabis. Br. J. Psychiatry 2001, 178, 116–122. [CrossRef]
69. Large, M.; Sharma, S.; Compton, M.T.; Slade, T.; Nielssen, O. Cannabis Use and Earlier Onset of Psychosis. Arch. Gen. Psychiatry

2011, 68, 555. [CrossRef]
70. Price, C.; Hemmingsson, T.; Lewis, G.; Zammit, S.; Allebeck, P. Cannabis and suicide: Longitudinal study. Br. J. Psychiatry 2009,

195, 492–497. [CrossRef]
71. Serafini, G.; Pompili, M.; Innamorati, M.; Rihmer, Z.; Sher, L.; Girardi, P. Can Cannabis Increase the Suicide Risk in Psychosis? A

Critical Review. Curr. Pharm. Des. 2012, 18, 5165–5187. [CrossRef]
72. Pergam, S.A.; Bs, M.C.W.; Lee, C.M.; Cheng, G.-S.; Baker, K.K.; Marquis, S.R.; Fann, J.R. Cannabis use among patients at a

comprehensive cancer center in a state with legalized medicinal and recreational use. Cancer 2017, 123, 4488–4497. [CrossRef]
[PubMed]

73. Taha, T.; Meiri, D.; Talhamy, S.; Wollner, M.; Peer, A.; Bar-Sela, G. Cannabis Impacts Tumor Response Rate to Nivolumab in
Patients with Advanced Malignancies. Oncologist 2019, 24, 549–554. [CrossRef] [PubMed]

74. Blázquez, C.; Carracedo, A.; Barrado, L.; Real, P.J.; Fernández-Luna, J.L.; Velasco, G.; Malumbres, M.; Guzmán, M. Cannabinoid
receptors as novel targets for the treatment of melanoma. FASEB J. 2006, 20, 2633–2635. [CrossRef]

75. Simmerman, E.; Qin, X.; Yu, J.C.; Baban, B. Cannabinoids as a Potential New and Novel Treatment for Melanoma: A Pilot Study
in a Murine Model. J. Surg. Res. 2019, 235, 210–215. [CrossRef] [PubMed]

76. Glodde, N.; Jakobs, M.; Bald, T.; Tüting, T.; Gaffal, E. Differential role of cannabinoids in the pathogenesis of skin cancer. Life Sci.
2015, 138, 35–40. [CrossRef] [PubMed]

77. Valjent, E.; Pagès, C.; Rogard, M.; Besson, M.-J.; Maldonado, R.; Caboche, J. ∆9-tetrahydrocannabinol-induced MAPK/ERK and
Elk-1 activation in vivo depends on dopaminergic transmission. Eur. J. Neurosci. 2001, 14, 342–352. [CrossRef]

78. Vrechi, T.A.M.; Leão, A.H.F.F.; Morais, I.B.M.; Abílio, V.C.; Zuardi, A.W.; Hallak, J.E.C.; Crippa, J.A.; Bincoletto, C.; Ureshino, R.P.;
Smaili, S.S.; et al. Cannabidiol induces autophagy via ERK1/2 activation in neural cells. Sci. Rep. 2021, 11, 5434. [CrossRef]

79. Greenhough, A.; Patsos, H.A.; Williams, A.C.; Paraskeva, C. The cannabinoid δ9-tetrahydrocannabinol inhibits RAS-MAPK and
PI3K-AKT survival signalling and induces BAD-mediated apoptosis in colorectal cancer cells. Int. J. Cancer 2007, 121, 2172–2180.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.celrep.2020.107731
https://www.ncbi.nlm.nih.gov/pubmed/32521256
https://doi.org/10.1177/1078155219843161
https://doi.org/10.1192/bjp.178.2.116
https://doi.org/10.1001/archgenpsychiatry.2011.5
https://doi.org/10.1192/bjp.bp.109.065227
https://doi.org/10.2174/138161212802884663
https://doi.org/10.1002/cncr.30879
https://www.ncbi.nlm.nih.gov/pubmed/28944449
https://doi.org/10.1634/theoncologist.2018-0383
https://www.ncbi.nlm.nih.gov/pubmed/30670598
https://doi.org/10.1096/fj.06-6638fje
https://doi.org/10.1016/j.jss.2018.08.055
https://www.ncbi.nlm.nih.gov/pubmed/30691796
https://doi.org/10.1016/j.lfs.2015.04.003
https://www.ncbi.nlm.nih.gov/pubmed/25921771
https://doi.org/10.1046/j.0953-816x.2001.01652.x
https://doi.org/10.1038/s41598-021-84879-2
https://doi.org/10.1002/ijc.22917

	Introduction 
	Materials and Methods 
	Chemicals and Antibodies 
	Cell Lines 
	Cell Viability Assay 
	Cell Cycle Analysis 
	AnnexinV/PI Co-Staining 
	Caspase-3/7—Glo Assay 
	JC-1 Staining 
	Crystal Violet Assay 
	Immunohistochemistry 
	Cancer Genomics 
	In Vivo Experiments 
	Statistical Analysis 

	Results 
	Cannabinoids Reduce Cell Viability among a Variety of Melanoma Cell Lines in a Concentration-Dependent Manner 
	Cannabinoids Mediate Their Effects by Activation of CB1, TRPV1 and PPAR Receptors 
	Cannabinoids Impair Mitochondrial Integrity 
	Cannabinoids Do Not Interfere with Commonly Used Targeted Therapy 
	Cannabinoids Delay Melanoma Growth In Vivo 

	Discussion 
	Conclusions 
	References

