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Simple Summary: In glioblastoma (GBM), the highest-grade IV glioma, members of the large
membrane receptor family of G protein-coupled receptors (GPCRs) are upregulated including CB1
and GPR55 that along with non-selective ion transporter protein TRPV1 bind endocannabinoids
and phytocannabinoids with different affinities and signalling effects. The receptors are part of the
endocannabinoid system (ECS) and are overexpressed in glioma to raise cancer defence signalling
by ESC in tumour cells. We demonstrated that GPR55 and TRPV1 genes, but not CB1/CNR1 genes,
correlated to GBM stem cell (GSC) gene markers, and both were highly expressed in GSCs compared
with differentiated GBM cells. Therefore, we propose that GPR55 and TRPV1 receptors are the best
targets for the antagonistic cannabinoids CBD and CBG (in an optimized mixture) to eliminate GBM
stem cells. This approach avoids using psychoactive THC, which is potentially harmful, particularly
in older GBM patients, and should be further tested in animal experiments and clinical trials.

Abstract: Glioblastoma (GBM) is one of the most aggressive cancers, comprising 60-70% of all
gliomas. The large G-protein-coupled receptor family includes cannabinoid receptors CB1, CB2,
GPR55, and non-specific ion receptor protein transporters TRPs. First, we found up-regulated CNR1,
GPR55, and TRPV1 expression in glioma patient-derived tissue samples and cell lines compared
with non-malignant brain samples. CNR1 and GPR55 did not correlate with glioma grade, whereas
TRPV1 negatively correlated with grade and positively correlated with longer overall survival. This
suggests a tumour-suppressor role of TRPV1. With respect to markers of GBM stem cells, preferred
targets of therapy, TRPV1 and GPR55, but not CNR1, strongly correlated with different sets of
stemness gene markers: NOTCH, OLIG2, CD9, TRIM28, and TUFM and CD15, SOX2, OCT4, and ID1,
respectively. This is in line with the higher expression of TRPV1 and GPR55 genes in GSCs compared
with differentiated GBM cells. Second, in a panel of patient-derived GSCs, we found that CBG and
CBD exhibited the highest cytotoxicity at a molar ratio of 3:1. We suggest that this mixture should be
tested in experimental animals and clinical studies, in which currently used A9-tetrahydrocannabinol
(THC) is replaced with efficient and non-psychoactive CBG in adjuvant standard-of-care therapy.

Keywords: glioblastoma; glioma; cannabigerol; cannabidiol; cannabinoid receptors; stem cells

1. Introduction

The impact of cancer in the world is evident from the increasing number of new cases
in the younger population and the increasing prevalence of the disease; however, mortality
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is decreasing due to early detection and more efficient therapies, making cancer a chronic
disease [1,2]. However, this is not the case with glioblastoma (GBM), the most malignant
glioma of the highest stage. GBMs account for 60-70% of astrocytic brain cancers and have
an incidence of 5-7 cases in 100.000 inhabitants in Western countries [3] and a median
survival period of only 14-16 months [4,5]. This tumour is among the most aggressive and
therapeutically non-responsive of all cancers. Based on molecular classification by The
Cancer Genome Atlas (TCGA), we can distinguish three GBM subtypes: proneural (PN),
classical (CL), and mesenchymal (MES). The markedly different transcriptional profiles
of the three GBM subgroups affect clinical prognosis, with PN having a slight survival
advantage vs. more aggressive MES [6]. However, gene expression and single-cell RNA
analyses of different regions in the same tumour have shown that the molecular subtypes
may coexist [7], reflecting intra-tumour heterogeneity, which is partially responsible for the
high resistance of GBM to therapy.

The second reason for the permanent resistance of GBM to therapy is glioma-initiating
cells, named GBM stem cells (GSCs) [8], which represent only a fraction of most resistant
cancer cells. GSC numbers increase with glioma progression and are the most abundant
in grade IV GBM. The GSC phenotype results from oncogenic mutations of transformed
neural stem cell progenitors and/or the trans-differentiation of astrocytes and other brain
cells [9] through the enhanced expression of genes that regulate GBM cell “stemness” [10].
The characteristic slow proliferation, enhanced DNA repair, and multidrug resistance
mechanisms of GSCs enable their survival after radio- and chemotherapy and facilitate
tumour regrowth, leading to relapses and mortality. [11]. As reviewed by Alves et al. [11],
adjuvant treatments with natural products, e.g., cannabinoids, can decrease GSC viability
and thus show promise for eliminating GSCs and preventing tumour recurrence. Based on
current knowledge, cannabinoids and synthetic ligands of their receptors target GSCs and
their stemness-related signalling pathways, forcing them to differentiate [12-14].

Phytocannabinoids have been studied more intensively over the past 30 years, and
evidence has accumulated regarding their efficient cytotoxicity on cancer stem cells via
signalling mechanisms (summarized by Dumitru et al. [15]) as targeting the “hallmarks
of cancer” [16]. Cannabinoids comprise plant-derived terpenophenols, which are divided
into 10 subclasses according to their structural features [17].

During phytocannabinoid biosynthesis, their precursor cannabigerol (CBG) is trans-
formed to A9-tetrahydrocannabinol (THC) and cannabidiol (CBD), most abundant in the
flowers of plants, followed by a number of minor cannabinoids. Thus, being present in
much lower content (<10%) [18], CBG’s effects on pathophysiological processes, especially
cancer, have only recently gained more attention and understanding of its binding to
known cannabinoid receptors (CNRs) [19].

CNRs were discovered about two decades ago, yet their signalling is still not com-
pletely understood [20]. The phenotypic effects and underlying mechanisms of the sig-
nalling of single and combined administrations of cannabinoids, of which mostly THC
and CBD have been studied, have recently been reviewed in extensive research [21]. There
are two major families of cannabinoid receptors: G-protein-coupled cannabinoid receptors
(GPCRs) and transient receptor potential channels (TRPs). GPCRs are known to play a
crucial role in various cancers and are common therapeutic targets in GBM [22], e.g., ty-
rosine receptor kinases, epidermal growth factor receptors, and platelet-derived growth
factor receptors. GPCRs are linked to heteromeric G-proteins, i.e., G, Gf3, Gy, and their
subtypes, leading to various highly specialized downstream signalling cascades. Among
GPCRs, the two CNRs CB1 and CB2 are most abundant in the human central nervous
system and immune system, respectively [23], and their levels are elevated in cancer cells.
Genetically distinct CB3, also known as GPR55, is also overexpressed in many cancers,
including GBM [24]. TRPs comprise non-selective cation channels that are ubiquitously
expressed in mammalian tissues [25]. There are seven TRP subfamilies with different
structure-dependent biophysical properties [25,26]. The TRP vanilloid (TRPV) family in-
cludes homo- or hetero-tetrameric calcium channels, such as TRPV1 [27,28] and TRPV2,
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which are imbedded in the plasma membrane and endoplasmic reticulum (ER) [26]. TRPV1
oncogenic activity [24] is linked to cancer-driven pain [29].

A large body of research accumulated on the differential binding of cannabinoids
and endocannabinoids (eCB) to CB1 and/or CB2 in vitro, where THC was found to bind
stronger to CB1 than to CB2. In contrast, CBD binds stronger to CB2. Similar to CBG,
which binds with much lower affinity to both receptors. Yet they may not bind to identical
orthostatic site as does THC; thus, CBD and CBG are actually CBl-negative allosteric
modulator slightly reducing THC binding in combined application. CBD and CBG are also
both GPR55 antagonists to its oncogenic signalling. CBG more than CBD binds and dilates
transmembrane TRPV1 Ca?* permeable pores and thus more or less desensitizes TRPV1
and perturbs its signalling activity [27] in high grade astrocytoma [30] and NSCs [31].
Yet CBG and CBG’s differential binding affinity to the three receptors affect their specific
signalling in GBM and GSC cells [13,32,33].

We were the first to report the effects of CBG on GBM and to demonstrate that CBD
and CBG, both alone and in combination, induce caspase-dependent cell apoptosis, with
no additive THC effect [34]. CBG also inhibited GBM cell invasion in a similar manner
to CBD. We have demonstrated that the combination of sub-cytotoxic concentrations of
CBG and CBD reduced GBM cell viability in an additive manner that which was more
efficient than with THC. The focus of the present research was to first determine CB1/CNR1,
GPR55, and TRPV1 gene expression in glioma samples and in differentiated GBM cells and
GSCs. We aimed to correlate receptor expression with GBM heterogeneity and particularly
GBM stemness. By optimizing the CBG:CBD ratio, we further aimed to achieve better
cytotoxic efficacy on GSCs in vitro, using a panel of patient-derived GBM and GSC lines
that represent the desired target of precision therapy.

2. Materials and Methods
2.1. Cannabinoids

Purified CBD and CBG extracts from the cannabis plant were provided by MGC
Pharmaceuticals [34]. For GBM cell toxicity tests, CBD and CBG were prepared in base
emulsion that is the subject of a patent application.

2.2. Tissue Samples and Cell Lines

Glioma surgical biopsies were obtained from patients who underwent surgery at the
Department of Neurosurgery, University Medical Centre Ljubljana, Slovenia. Altogether,
89 de novo GBM samples, 6 recurrent GBMs, and 17 grade I and II gliomas were obtained.
As a reference, we also obtained 16 samples of non-cancerous brain tissues. The study
was approved by the National Medical Ethics Committee of the Republic of Slovenia
(approval No. 0120-179 190/2018/26). Patients” biological material as well as primary cell
cultures were prepared at National Institute of Biology as described previously [34] and
are, in addition to corresponding relevant clinical and histopathological data (information),
deposited in Slovenian Glioblastoma Bank (GLIOBANK).

The established differentiated human GBM cell line U373 was purchased from the
American Type Culture Collection (Manassas, VA, USA) and maintained in high-glucose
Dulbecco’s modified Eagle medium (GE Healthcare, Chicago, IL, USA), supplemented with
10% (v/v) heat-inactivated foetal bovine serum, 2 mM L-glutamine, 100 IU/mL penicillin,
and 100 pg streptomycin. The GSC line NCH644 was purchased from Cell Lines Service
(GmbH, Eppelheim, Germany). These and patient-derived GSCs were grown as spheroid
suspensions in complete neurobasal medium, 20 ng/mL basic fibroblast growth factor,
and epidermal growth factor (all from Invitrogen, Life Technologies, Carlsbad, CA, USA).
All cell lines were maintained at 37 °C with 5% CO, and 95% humidity and were tested
for mycoplasma contamination using the MycoAlert Mycoplasma Detection Kit (Lonza
Pharma & Biotech Ltd., Bend, OR, USA).
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2.3. Gene Expression Analysis

gPCR analysis of gene expression and GBM subtype markers was performed as de-
scribed by Lah et al. [34] and Novak et al. [35]. Briefly, total RNA from GBM tissues and cells
was isolated using AllPrep DNA /RNA /Protein Mini Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions. RT-qPCR was performed with FAM-MGB probes
with Fluidigm BioMark HD System Real-Time PCR (Fluidigm, South San Francisco, CA,
USA) using 48.48 Dynamic Arrays IFC [36]. Relative mRNA copy numbers were normalized
to the housekeeping genes HPRT1 and GAPDH. The assays are described in Table S1.

2.4. Cell Viability Assay

Cell viability was determined as described before [34] with the MTT assay, i.e.,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (Sigma-Aldrich, St. Louis,
MO, USA) for GBM differentiated cells and with MTS 3-(4,5-dimethylthiazol-2-yl1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (Promega, Madison, WI,
USA) for GSCs. Differentiated GBM cells and GSCs were seeded onto 96-well plates at
densities of 5000 and 8000-10000 cells/well, respectively. Cells were treated with different
concentrations (0.32-320 uM) of the cannabinoids CBG and CBD alone or combined at the
molar ratio CBD:CBG 3:1 (7.6:2.5-245:80 uM) with 100 pM temozolomide (Sigma-Aldrich,
St. Louis, MO, USA). Cell viability was measured after 48 h of incubation by adding MTT
or MTS reagent. All dose-response experiments were performed in triplicate, i.e., with
three biological repeats. Absorbance was measured as the change in optical density (AOD
570/690 nm) using a microplate reader (Synergy™ HT, Bio-Tec Instruments Inc., Santa
Clara, CA, USA). Cell viability and IC50 uM values were calculated using dose-response
curves in GraphPad Prism software. Controls assays contained only the base emulsion
(0.1%) and DMSO (< 0.4%, v/v) without CBD and CBG. Cell viability was measured after
48 h of incubation by adding MTT or MTS reagent. All dose-response experiments were
performed in triplicate, i.e., with three biological repeats, vs. h. Absorbance was measured
as the change in optical density (AOD 570/690 nm) using a microplate reader (Synergy™
HT, Bio-Tec Instruments Inc., Santa Clara, CA, USA). Cell viability and IC50 uM values
were calculated using dose-response curves in GraphPad Prism software.

2.5. Statistical Methods

To determine the associations between GPR55, CNR1, and TRPV1 mRNA expression
and clinical variables, i.e., patient survival, death, and tumour grade, Pearson correlation
coefficient analysis was performed. The correlations between patient characteristics and
GPR55, CNR1 and TRPV1 mRNA levels were evaluated. Overall survival (OS) was defined
as the period of time (in months) from the date of diagnosis to the date of death (event) or last
follow-up (censored data). In the absence of any meaningful or predefined cut-offs, first (Q1),
second (Q2; median), and third (Q3) quartiles were used as cut-off values for low and high
gene expression levels for this cohort of patients. OS was estimated by the Kaplan-Meier
methodology, and the log-rank test was used to compare different categories. A p-value
below 0.05 was considered statistically significant. All reported p-values are two-tailed. All
statistical analyses were performed using SPSS (version 21, Chicago, IL, USA).

3. Results
3.1. CNR1 mRNA Levels Are Increased in GBM Tissue Samples

We analysed CNR1, GPR55, and TRPV1 mRNA levels in tissue samples from normal
non-malignant brain tissues (1 = 16) and neoplastic brain tissues: low-grade (WHO grades
I and II) glioma (n = 17), WHO grade IV glioma (wild-type GBM) (n = 89), and recurrent
GBM (n = 6), as well as from primary GBM cells (1 = 10) and GSCs (n = 6) isolated from
patient tumour samples. CNR1 levels were significantly higher in GBM samples compared
with non-cancerous brain tissues (Figure 1A). GPR55 expression was higher in recurrent
GBM; however, the sample number was small (n = 6) and with large diversity (Figure 1B).
TRPV1 levels were significantly higher in GSCs compared with GBMs (Figure 1C). Most



Cancers 2022, 14, 5918 5o0f 21

interesting are the comparisons of receptor expressions in GBM vs. GSC cells. Despite
low sample numbers, GSCs exhibit lower CNR1 expression, higher GPR55 expression, and
significantly higher TRPV1 expression.

B C
CNR1 GPR55 TRPV1

>

£y
T

159 —= | c c 14 -
5101 o . . =] 91 III
5 37T 52 37T g8 °T
x » »

@ [<}] Q .

< 2- < 2- < 2-

[ . o [

£ £ = -

> s M 2 17

w® © | | -

° [ [

< £ o+ & T

WA AT N DS DS A

B SES SRS SEE SR SEE

@o\@\? \‘\G,\\ \‘.‘o\@\S \Qrg\‘v\ @o\\\o \og\v.\
NEE S oL N4 NG S O NG ™ o
oe\‘\, & @ OQQ‘\/ & O 063‘\« & o

© > o N o P

& 1S &

Figure 1. Receptor mRNA levels in different types and grades of glioma samples. The expression of
(A) CNR1 (CB1), (B) GPR55, and (C) TRPV1 in glioma, non-cancerous brain tissues, and GBM cells.
mRNA values were normalized to the housekeeping genes HPRT1 and GAPDH and analysed with
quantGenius software (developed at NIB). n: number of samples; N: non-cancerous brain tissues; LGG:
grade I or II gliomas (pilocytic astrocytoma, astrocytoma, oligodendroglioma); GBM: glioblastoma;
GBM rec: recurrent glioblastoma; GBM cells: primary glioblastoma cells; GSCs: glioblastoma stem
cells isolated from patient tumour samples; NA: normal astrocytes versus N: the non-cancerous brain
tissues (* p < 0.05).

3.2. Lower TRPV1 mRNA Levels Indicate Shorter Glioma Patients’ Survival

We analysed the correlations between cannabinoid receptor mRNA expression and two
clinical variables: glioma WHO grades II-IV and overall survival in 120 glioma samples (Figure 2).
Significant correlations were only found between survival and TRPV1 expression (Figure 2B):
that lower TRPV1 mRNA expression correlates with shorter glioma patient survival.

The results in Figure 2 show that CNR1 and GPRb55 expression correlate poorly and
non-significantly with glioma malignancy and patient survival. Conversely, the TRPV1
gene was significantly downregulated with glioma progression to GBM (Figure 2, Table 1).
However, its expression did not significantly differ between low-grade glioma, GBM, and
recurrent GBM (Figure 1C).
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Figure 2. Correlation of cannabinoid receptors with glioma patient survival. (A) Graphical represen-
tation of the correlation matrix for the correlations between the expression of the receptors GPR55
(n =113), CNR1 (n =129), and TRPV1 (n= 116) and glioma sample type and overall glioma patient
survival (months). The correlations range from —1 (red dots) to 1 (blue dots). The closer the values
are to 0, the more uncorrelated the variables are. (B) Estimation of the regression model between
patient survival and the expression of three cannabinoid receptors: GPR55 (a.; n = 106.), CNR1 (b.;
n = 120), and TRPV1 (c.; n = 109). R: the correlation coefficient between the analysed variables;
p: statistical p-value (considered significant when p < 0.05).

Table 1. Significance of correlations in Figure 2A.

p-Value
Sample Type 0
Survival <0.001 0
Death 0.012 <0.001 0
WHO grade <0.001 <0.001 <0.001 0
GPR55 0.144 0.258 0.903 0.219 0
CNR1 0.054 0.397 0.128 0.187 0.701 0
TRPV1 0.132 0.004 0.012 0.004 0.712 0.164 0
Sample g ival  Death WHO GPR55 CNR1 TRPV1
Type grade

The data represent significance in p-values among the receptors and clinical variables (p < 0.05 is considered
significant). The correlations between the variables are presented as Pearson correlation coefficients (r), which
measure the linear relationship between two sets of variables. In Figure 2A, the magnitude of the coefficient,
represented by the number and diameter of the circle, indicates the association between the two variables. Bold
p values are related to the significance of negative correlations.

3.3. Cannabinoid Receptors Expression and Association with Survival of GBM Patient Survival

The expressions of cannabinoid receptors CNR1, GPR55, and TRPV1 were also com-
pared in 89 samples of WHO grade IV GBM (IDH wild type) (Figure 3). In our cohort of
89 GBM tissues, there were no correlations among the three receptors mRNA levels. There
was also no (for CNR1 and TRPV1) or poor (for GPR55) correlation between cannabinoid re-
ceptor expression and overall patient survival (Figure 3A). Kaplan-Meier analyses of TRPV1
and GPR55 at three cut-off values (the two quartiles and median) showed that patients



Cancers 2022, 14, 5918

7 of 21

A

Overall
survival

GPR55

CNR1

TRPV1

c 1

Cannaboid receptors markers - Correlation:

Overall GPRS55 CNR1
survival TPRV1 Q1

s

TIME (months)

with higher first quartile GPR55 levels have significantly better survival rates (p = 0.044)
(Figure 3B), whereas no significance was observed for TPRV1 (Figure 3C). GPR55 at the
median cut-off was also validated by an independent cohort of grade IV GBM patients
from the GLIOVIS data bank and was also determined to be non-significant (Figure 3D).
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50%
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25%
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Figure 3. Correlation matrix and overall survival curves for cannabinoid receptor expressions in
GBMs. (A) Correlation matrix data show positive significance between GBM patient (n = 89) survival
and GPR55 (p = 0.042) and TRPV1 (p = 0.049) receptor gene expressions. (B,C) Kaplan-Meier survival
curves of GBM patients (1 = 89) stratified by three cut-off levels of GPR55 (B) and TRPV1 (C) mRNA
expression. (D) Kaplan-Meier survival curves of GBM patients, as analysed from the TCGA data
bank GLIOVIS with GBM patients (n = 152) with GPR55 mRNA expression level data. Survival at
median value was not significant. GBM: glioblastoma. * p < 0.05.

Of note, all GBM tissues were collected during the first surgery of still untreated
patients; however, the survival rates relate to treatment. Thus, the survival curves actually
mirror the response to standard-of-care protocols.

3.4. Cannabinoid Receptors Expression Correlate with GSC Biomarkers Expression in
GBM Tissues

Next, we were interested in whether the expressions levels of CNR1, GPR55, and
TRPV1 are associated with GSC markers in the cohort of 89 GBM tissue samples (Figure 4).
As expected, the mRNA levels of GSC markers CD15 (carbohydrate antigen surface stem
cell marker), SOX2 (cell differentiation-regulating transcription factor), ID1 (helix-loop-
helix co-transcription factor), and OCT4 (octamer-binding transcription factor 4) exhibited
positive correlations.

CNRT1 poorly correlated with putative GSC marker TRIM28 (a transcription factor)
and did not correlate with any of the established GSC markers. GPR55 strongly and
significantly (p < 0.05) correlated with CD15 (r = 0.97), SOX2, (r = 0.93), OCT4 (r = 0.81), and
ID1 (r = 0.68). TRPV1 correlated with NOTCH (r = 0.54) and OLIG2 (r = 0.52) and poorly
correlated (r < 0.50; p < 0.05) with the putative GSC markers TRIM28 (r = 0.46), TUFM
(r =0.45), and CDO9 (r = 0.41).

Taken together, the correlation matrix shows the positive correlation among the cluster
of GSC stemness biomarkers expression, whereas the three cannabinoid receptors did not
exhibit any correlations among themselves, indicating their independent regulation.
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Figure 4. Correlations between the expressions of cannabinoid receptors and GSC markers in
glioblastoma. Stemness genes are framed in red below. Correlations with cannabinoid receptors are
framed in red above. GPR55 significantly correlated with the GSC markers SOX2, CD15, ID1, and
OCT4. TRPV1 significantly correlated with NOTCH; OLIG2; and the putative markers CD9, TRIM28,
and TUFM (the latter three of which are potential candidates to be classified as established stem cell
markers [32-34]). CNR1 only correlated (poorly) with TRIM28. * p < 0.05.

3.5. Association of Cannabinoid Receptor Expression with MES, PN, and CL GBM
Subtype Markers

The three major GBM subtypes, which differ in their aggressiveness, are MES, PN,
and CL. We investigated whether cannabinoid receptors are associated with the biomarker
expression of specific GBM subtypes [35,37] (Figure 5). CNR1 did not markedly correlate
with any of the MES or PN biomarker genes (Figure 5A,C) but did correlate with the CL
ACSBGI gene (cyclo-CoA synthetase family member 1) (Figure 5B). GPR55 most strongly
(r = 0.96) correlated with the CL KCF1 gene (encoding a voltage-gated potassium channel
protein subunit) (Figure 5B) and less strongly with the MES gene S100A4 (S100 calcium-
binding protein A4) (Figure 5A). GPR55 poorly correlated (r = 0.33) with the PN gene
ERBB3 (encoding an epidermal growth factor homologue) (Figure 5C). The TRPV1 gene
did not correlate with any group-specific gene patterns but positively correlated (p < 0.05)
with the MES TGFB1 gene (encoding TGFp and DAB2 (disabled homolog 2 protein))
(Figure 5A). TRPV1 correlated with MES genes DAB2 and TGFp (Figure 5A), the CL
gene ACSBGI1 (Figure 5B), and PN genes P2RX7 (purinoceptor 7 protein) and STMN4
(stathmin/oncoprotein 18 family) (Figure 5C).
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Figure 5. Correlation matrix of GPR55, CNR1, and TRPV1 with MES, CL, and PN markers. Behnan
et al. [38] suggested the following markers: (A) MES (COL1A2, COL1A, TGFBI, THBS1, DAB2, and
S100A4), (B) CL (ACSBGI1 and KCNF), and (C) PN (P2RX7, STMN4, SOX10, and ERBB3). GPR55
correlated with MES markers COL1A2 (r = 0.24) and S100A4 (r = 0.55), very strongly with CL marker
KCNF1 (r = 0.96), and poorly with PN marker ERBB3 (r = 0.33). CNR1 did not markedly correlate
with any of these markers. TRPV1 correlated with MES markers DAB2 (r = 0.46) and TGBF1 (r = 0.35),
CL marker ASCBGI (r = 0.37), and most highly with PN markers P2RX7 (r = 050) and STMN4
(r = 045). The star under the correlation number (r) between the two genes in the boxes, means that
the correlation was significant ( p < =0.05) n ® (* p < 0.05).

3.6. The Cannabinoids CBG and CBD Affect the Viability of Primary GBM Cells and GSCs

Next, we investigated the effects of CBD:CBG dissolved in base emulsion, which was
designed to achieve better in vivo delivery to the tumour. We treated the primary GBM and
GSC cell lines with CBD and CBG at concentrations of 0.32-320 uM as described in Methods
(Table 2 and Figure 6). Both cannabinoids significantly reduced the viabilities of both GBM
lines (Figure 6A,B) and GSCs (Figure 6C,D). In nine patient-derived primary GBM cell
lines, CBG reduced cell viability in a concentration range of IC50 100 £ 15.3 uM. Tested on
the same cell lines, CBD was not significantly more cytotoxic: IC50 78.9 £ 7.8 uM (Table 2).
In eight patient-derived primary GSCs, the IC50 values were 84 + 15.3 uM for CBG and
50 4+ 7.1 uM for CBD. Furthermore, our results demonstrate that CBG and CBD reduce
the viability of GBM and GSC lines in the same order of magnitude (Figure S2). These
quantitative results confirm previous results on the effects of CBD and CBG (dissolved in
DMSO and ethanol) on GBM and GSC cell viability [31]. When comparing IC50 values of
CBD and CBG in base emulsion vs. ethanol/DMSO, we found significantly higher values
when using base emulsion (Figure S3).

Table 2. Mean IC50 (uM) values for glioblastoma (GBM) differentiated and GBM stem cells (GSCs)
for cannabidiol (CBD) and cannabigerol (CBG) treatment alone and at the molar ratio of 3:1.

GBM Cell Lines IC50 Values (uM) CBG CBD:CBG = 3:1
U373 ! (GB) 99 61 68:22

Primary patients

derived at NIB

NIB140 (GB) 114 175 79:27
NIB142 (GB) 71 53 80:26
NIB138 (GB) 61 54 46:15
NIB180 (GB) 83 127 98:32
NIB185 (GB) 104 144 103:34
NIB182 (GB) 47 156 95:31
NIB167 (GB) 99 107 71:23
NIB258 (GB) 68 83 65:21

NIB255 (GB) 43 42 50:16
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Table 2. Cont.
GBM Cell Lines IC50 Values (uM) CBG CBD:CBG = 3:1
Means 789 +7.8 100 £ 15.3 76 £ 6.6:25 £ 2.1
GSC lines
NCH644 2 (GSC) 34 100 34:11
Primary patients
derived at NIB
K26 (GSC) 73 138 54:18
NIB216 (GSC) 24 90 30:10
NIB237 (GSC) 50 132 27:9
NIB225 (GSC) 50 34 28:9
NIB220 (GSC) 84 98 38:12
NIB249 (GSC) 52 61 46:15
NIB253 (GSC) 35 18 30:10
Means 50+ 7.1 84 +15.3 42 +3416+1.1

Cell viability (%)

GBM cells

(1) U373: established, commercial cell line (American Type Cell Collection, Manassas, VA, USA). (%) NCH644 lines:
established, commercial cell lines (CLS-Cell Lines Service GmbH, Eppelheim, Germany).

GBM cells
U373 CBG
NIB140 CBG
NIB182 C8D
NIB167 CBG

150 —

NIB185 CBG
NIB138 CBG

NIB258 CBG
NIB180 CB8G

NIB255 C8G
NIB142 C8G

Cell viability (%)

Cell viability (%)
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1
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Figure 6. The cannabidiol (CBD) and cannabigerol (CBG) reduce viability of glioblastoma (GBM) and
GBM stem cells (GSCs). CBD (A,C) and CBG (B,D) decreased the viability of ten differentiated GBM
cells and eight GSCs. Dose responses of cell viability measured by MTT assay (y-axis) and different CBD
and CBG concentrations increasing in the range of 0.32-320 uM (x-axis log scale) on established GBM
cells (U373 line) (A, B; red line) in comparison with patient-derived primary GBM cells (A, B; black
lines). Established GSC lines NCH644k (C, D; red line) are compared with patient-derived primary
GSCs (C, D; black lines) after 48 h of single treatment with cannabinoids. The solvents base emulsion or
DMSO (<0.4%, v/v) were used as controls. Data are expressed as mean =+ SE (n = 3-5 independent
biological experiments, each with technical triplicates). Vehicles comprised <0.1% base emulsion.

The selected clinical data of the patients are included in Table S2.

3.7. CBD and CBG Cytotoxic Effects Alone and at the Molar Ratio of 3:1 on GBM and GSC Cells

CBD and CBG alone inhibited differentiated GBM cells, and CBD was slightly more
effective (Table 2). CBD also had markedly stronger cytotoxic effects on GSCs than on
differentiated GBM cells, which were also stronger than the effects of CBG (Figure S2). CBG
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was more efficient at decreasing GSC viability. These results indicate the higher sensitivity
of GSCs to both cannabinoids. This effect on GSCs was particularly fortified when CBD
was mixed with CBG; however, the persistent differences between GSCs and differentiated
GBM cells did not reach statistical significance, mostly due to the small cohort of tested cells.
Nevertheless, the effects of cannabinoids are opposite to cytotoxic drugs and irradiation
treatment, to which GSCs are known to be more resistant than GBM cells.

The combined effect of CBG and CBD was tested based on our previous results [31],
which showed significantly better inhibition of cell viability with CBD:CBG mixtures.

Here, we further optimized the ratio between CBD and CBG in base emulsion (Figure S3).

Next, to possibly increase the beneficial additive effects of CBG, we increased its level
in the CBD: CBG mixture from 4: 1, via 3:2 to 3:1, the most efficient molar ratio, also
suggesting that higher CBG would not add to the cytotoxic effects on GBM/GSC cells

In 9 patient-derived primary GBM cell lines, the CBD:CBG mixture reduced GBM
cell viability in a concentration range of IC50 76 £ 6.6:25 &= 2.1 uM. In 8 patient-derived
primary GSC lines, the CBD:CBG mixture reduced GSC viability in a concentration range of
IC50 42 £ 3.4:16 = 1.1 uM (Table 2). We conclude that GSCs are significantly more sensitive
to CBD:CBG mixtures (at a ratio of 3:1) than GBM cells (Figure 7).
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Figure 7. Cytotoxicity of cannabidiol (CBD) and cannabigerol (CBG) mixtures on glioblastoma (GBM)
cells and GBM stem cells (GSCs). Mean IC50 values for GSCs (n = 8) and differentiated GBM cell
lines (1 = 10) treated with CBD and CBG (at a molar ratio of 3:1) taken from Table 2 are presented as
bars of the mean cytotoxic effects, expressed in mean CBD and CBG absolute concentrations. The
paired t-test was used to evaluate statistical difference (* p < 0.0105, ** p < 0.0094).

4. Discussion

Three major CNRs, highly specific CB1, less selective GPR55, and non-specific ion
receptor protein TRPV1, are overexpressed in low-grade glioma and GBM vs. normal
brain. Here, we demonstrated their correlations with glioma grade, patient survival, and
selected genetic patterns in GBMs (WHO grade IV, IDH-1 wild type). To date, no study
has investigated these associations between receptor expression and the above-mentioned
GBM characteristics in the same cohort of glioma and GBM tissues as well as in primary
differentiated GBM cells and GSCs.

First, CNR1 and GPR55 mRNA expressions between different degrees of glioma
malignancy, i.e., low-grade glioma vs. GBM, were not significantly different, but were
higher than those in non-malignant brain (Figure 1A, B). Cell cultures revealed more
significant differences in gene expression, indicating that stromal cells in the tumour
microenvironment (TME) also express these receptors and may contribute to cannabinoid
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treatment response. Compared with GBM cells, GSCs exhibited significantly lower CNR1
expression and higher GPR55 and TRPV1 expression (Figure 1). The three cannabinoid
receptor genes did not correlate with each other in glioma (Figure 2) or GBM tissues
(Figure 3), indicating their independent regulation. In glioma tissues, highly expressed
CNR1 and GPRb55 did not correlate with increased malignancy. Furthermore, overall
survival analyses of glioma and GBM patients did not show any correlation between
survival and CNR1 expression. Conversely, TRPV1 was significantly downregulated with
increased glioma grade (Figure 2, Table 1).

With respect to 12 biomarkers [38] related to MES, CL, and PN GBM subtypes, analysis
of GBMs [35] showed no correlation to receptor expression and consequently no relation
to the pathophysiology of the three GBM subtypes (Figure 5). This could be explained
by high GBM intra-tumour heterogeneity, which prevents any subtype gene pattern from
predominating. For example, TRPV1 correlated with the MES subtype markers DAB2 and
TGFB1, CL marker ASCBG1, and the PN markers P2RX7 and STMN4. These correlations
between TRPV1 and stemness genes are discussed below.

4.1. Specific Cannabinoid Receptors in Glioma Progression

CNR1 expression was much higher than often even undetectable CNR2 expression
(not shown). Our previous study demonstrated the presence of CB2 protein in tumour
tissues, cells, and GSC spheroids by immunochemical and immunofluorescent analyses [34].
Similarly, Held-Feindt et al. [22] showed CB1/CNRI overexpression in malignant brain
at the protein and gene levels, whereas CB2/CNR2 expression was much lower and even
below the detection limit in both malignant and normal brain. Kolbe et al. [24] also
reported highly variable expressions of CB1 and CB2 in primary GBM cells, observing
low CNR2 gene expression but not always low CB2 protein expression. Over-expressed
levels of specific CNRs are expected in all cancer cells [39] due to the well-documented
high anticancer activity of the endogenous endocannabinoid system in the brain [13,40],
which undoubtedly plays a role in glioma malignancy. For example, in GBMs expressing
high CB1 level, CBD counteracted tumour growth also by inhibiting the endocannabinoid
anandamide-degrading enzyme, thereby enhancing endocannabinoid activity.

4.2. The Expression and Potential Role of GPR55 in Glioma

G-protein-coupled receptor GPR55 (CB3) [40], also called orphan receptor, reportedly
promotes cancer cell proliferation, both in cell cultures and in xenografted mice, and
has thus become an important new biomarker and therapeutic target. We found that
GPR55 was overexpressed in GBM compared with non-malignant brain (Figure 1B) but
exhibited no correlation with tumour grade or patient survival (Figure 2, Table 1). At
median concentration and higher cut-offs and with disease progression, the risk of death
increases, whereas GPR55 expression was not relevant for survival. We also confirmed that
GPR55 at the median cut-off concentration was not significant for survival in GBM patients
from the TCGA GLIOVIS data bank (Figure 3D).

Andradas et al. [41,42] showed that GPR55 expression correlated with the aggressive-
ness of breast cancer, pancreatic carcinoma, and GBM. Moreover, by over-activating the
MAPK/ERK cascade, GPR55 promoted cancer cell proliferation, observed as higher Ki67
expression, in both cell cultures and xenografted mice. These authors also showed that the
lower overall survival rate in 74 high-grade glioma patients correlated with higher GPR55
expression. This is not consistent with our data, which demonstrate here no such correla-
tion in 86 GBM patients. These data are difficult to interpret, supporting the findings of
Kolbe et al. [24] regarding enigmatic, scattered, differential GPR55 activity in primary GBM
cells. The authors highlighted the high heterogeneity of GBMs regarding CNR signalling
pathways and concluded that if cannabinoids are to be considered as additional therapeutic
agents, their efficacy must be evaluated in each patient. The GPR55 antagonistic activity of
CBG and recently confirmed CBG affects proliferation via cycle arrest in the G1 phase [34].
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Another undefined variable is related to the fact that GPR55 forms heterodimers with
CB2 and TRPs, significantly changing the kinetics of cannabinoid binding [20,43,44]. This
may be in line with our data that show that GPR55 is very strongly correlated with the genes
S5100A4 and KCNF (Figure 5B), encoding calcium-binding protein and ion voltage protein
transporter, respectively. The latter protein most likely forms heterodimers with GPR55. In
this context, Kolbe et al. [24] emphasized that distinct signalling pathways are activated by
GPR55 vs. other CNRs. Another relevant observation is that GPR55 was markedly more
expressed in GSCs than GBM cells. This association is supported by a strong correlation
with a distinct pattern of GBM stemness genes, of which CD15 has the strongest correlation
factor (r), followed by SOX2, OCT4, and ID1. By contrast, no correlation between selective
receptor CNR1 and GSC stemness genes was observed (Figure 4).

Taken together, we speculate that both CBD and CBG may induce cell differentiation
due to their relatively stronger effects on GSCs via GPR55 signalling suppression that also
suppresses GSCs stemness genes. This hypothesis must be further confirmed; however,
it corroborates all previous studies on cannabinoids and CNR ligands that demonstrated
GSC differentiation [12-14]; however, these studies did not mention the potential role of
GPRb55 (Scheme 1).
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Scheme 1. The cannabinoids cannabidiol (CBD) and cannabigerol (CBG) affect glioblastoma tumour
differentiated d-glioblastoma cells and glioblastoma stem cells (GSCs).

Treatment with the mixture of CBD:CBG induces two parallel mechanisms in GSCs
and differentiated GBM cells. First, due to the higher GPR55 and TRPV1 expression in GSCs,
the two cannabinoids bind preferentially, although with different affinities, to antagonise
GPRS55, desensitize TRPV1 on GSC cells, and trigger cell differentiation processes by
downregulating stemness genes. This also inhibits proliferation and induces the autophagy
and apoptosis of both types of glioblastoma cells. The simplified, well-known signalling



Cancers 2022, 14, 5918

14 of 21

pathways related to CB1, GPR55, and TRPV1 receptors upon cannabinoid binding are
linked via various common intermediate markers, as follows:

(I) The binding of CBD to allosteric sites on the CB1 receptor is stronger than that of
CBG and triggers ER (endoplasmic reticulum) stress; according to Peeri and Koltai [36], this
stimulates the synthesis and accumulation of ceramides, possibly via G-coupled proteins,
inducing several pathways. First, upregulated protein p8 triggers post-ER stress factors,
e.g., eI[FKA3 (eukaryotic translation initiation factor 2-alpha kinase 3), which is increased
in CBD-treated GSCs [13]. This is linked to activating transcription factor-4, inducing
activating transcription factor-3 and the synthesis of triple homologue 3, a pseudo kinase,
which inhibits the cytosolic Akt-kinase. The inhibition of Akt and the associated mTOR
complex initiates autophagy, which may lead to apoptosis. The second pathway related to
Atk/mTOR inhibition upregulates/activates several apoptosis-related B-cell lymphoma-2
family genes/proteins.

(II) CBD/CBG inactivate the highly overexpressed GPR55 signalling in GSCs, which
would normally promote GBM proliferation via p38/MAPK/ERK kinase. This is followed
by the activation of several transcription factors that mostly activate cell-cycle-related genes
(cyclin D/Cdk4 kinase) and cell proliferation. This cannabinoid-induced pathway inhibi-
tion leads to cell cycle arrest and induces the intrinsic, mitochondria-mediated, caspase-
3/7-activated apoptotic pathway. Finally CBD non-receptor transmembrane diffusion
was reported to induce reactive oxygen species, and p38/MAPK activation underlies the
reactive oxygen species-mediated reprogramming of GSCs [15]. Singer et al. [45] showed
that stem cell key regulators, e.g., STAT3, ID1, and SOX2, are inhibited by CBD under such
conditions. These stemness genes, including OCT4 and CD15, highly correlate with GPR55,
as found in the presented (Figure 4).

() The role of TRPV1 at plasma and ER membranes is to regulate Ca®* influx/efflux.
Additionally, when TRPV1 is desensitised by CBD/CBG binding, it also induces intrin-
sic pro-apoptotic mechanisms [46] via Ca?* depletion, triggering ER stress. We found
significantly higher expression of TRPV1 in GSCs as in GBM cells (Figure 1C), and a cor-
relation between TRPV1 and NOTCH and OLIG2 and other GSC stemness and epithelial-
to-mesenchymal transition markers. Thus, we hypothesize that TRPV1 signalling is also
essential to maintain GSCs, and when agonized, it is desensitized by CBD and CBG
cannabinoids, triggering Ca?* depletion in ER that may also lead to GSC differentiation.
The involvement of TRPV2 and Akt kinase was associated with the transcription of acute
myeloid leukaemia [14]. Taken together, we confirmed the notion that a well-defined
combination of pure cannabinoids is advantageous over single agents [47]. Although their
optimal ratio seems to depend on the nature of cancer cells [24], even heterogenous GBM
cells, we were able to optimize the ratio to better target a cohort of GSCs vs. GBM cells.

4.3. The Expression and Potential Role of Non-Selective TRPV1 in Glioma

Different phytocannabinoid signalling occurs via TRPV1, a non-selective Ca?*-permeable
channel transporter that is central to a plethora of cancer-associated processes [48]. In this
study, in contrast to CNR1 and GPR55, TRPV1 mRNA negatively correlated with glioma
grade and positively correlated with overall survival (Figures 1 and 2, Table 1). This indi-
cates its tumour suppressor-like regulation. This observation is in line with its observed
suppression of other cancers, e.g., lung [25] and skin [49], and intestinal carcinoma [50]
well as melanoma growth [51]. TRPV1 is a target of its activator capsaicin (trans-8-methyl-
N-vanillyl-6-nonenamide) and is also responsive to endocannabinoids [30]. In contrast to
capsaicin, CBD and CBG activation do not induce very large, permeant-pore-dilated chan-
nels but rather differentially activates them and even desensitizes TRPV1, depending on
external Ca?* concentrations [52]. The perturbed Ca?* influx and efflux between the cytosol,
mitochondria, and ER result in the release of apoptosis-inducing factor and cytochrome c
from the mitochondria and caspase activation, followed by DNA fragmentation (Scheme 1).

Moreover, TRPV1 is significantly more overexpressed than GPR55 in primary GSCs
(Figure 1C) vs. GBM cells. TRPV1 was correlated with stemness-related genes, most
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strongly with NOTCH and OLIG2, followed by the putative G5C stemness genes CD9 [53],
TRIM [54], and TUFM [55] (Figure 4). TRPV1 was also correlated with some charac-
teristic genes related to the epithelial-to-mesenchymal transition, e.g., NOTCH, NFKBI,
TGFBI1, and CDH1, but not with SNAIL and VIM (Figure S1). However, this is not un-
usual, as the epithelial-to-mesenchymal-like transition of GBM cells proceeds via vari-
ous signalling pathways, acting synergistically or energetically through an intermediate
epithelial-mesenchymal state. SOX2 and OLIG4 expressions [8] are in meta-equilibrium
between differentiated and undifferentiated stem-like states, with temporarily increased
stemness genes, which may or may not even proceed to complete the full mesenchymal
transdifferentiation [56]. Our data allow the speculation that TRPV1 expression may also
be associated with intermediate epithelial-to-mesenchymal and mesenchymal-to-epithelial
stem like-states with overexpressed TGFB1 and NOTCH genes.

Initially, Aguado et al. [57] demonstrated that cannabinoids promote GSC differen-
tiation in a receptor-dependent manner, as TRPV1 was inhibited by the antagonist cap-
sazacepin that reduces gliomagenesis in vivo. Later, Nabissi et al. [14] demonstrated that
acute myeloid leukaemia 1 transcription factor, induced via TRPV2 and phosphoinositide-
3-kinase/protein kinase B, affects GSC differentiation.

In our study, the significant upregulation of TRPV1 in GSCs vs. GBM cells (Figure 1C)
and the cytotoxicity, presumably induced by TRPV1 antagonists CBD and CBG (Figure 6,
Table 2) strongly supports the potential role of TRPV1 in GSC differentiation. Moreover, the
potential anti-GBM mechanism of TRPV1 involvement has already been revealed by Stock
et al. [58], who showed high TRPV1 expression in neural progenitor cells during embryonal
neurogenesis. In GBM, these neural progenitor cells may be activated to migrate and
interact with high-grade astrocytomas, release certain fatty-acid ethanolamide agonists to
TRPV1, reduce glioma expansion, and prolong survival by stimulating tumour-supressed
TRPV1. This might deplete Ca®* stores and induce eukaryotic initiation factor 2 alpha and
thus transcription factor-3 and -4, in turn leading to GBM/GSC death via the ER stress
pathway, as discussed in [13] and shown in Scheme 1.

4.4. Cannabinoids CBD and CBG Inhibit Viability of Glioblastoma Stem Cells

A vast body of literature on the anti-cancer effects of non-THC in vitro and in vivo has
accumulated [59]. In the continuation of previous research [31], we studied optimised CBD
and CBG combinations to omit psychoactive THC, as a vast body of literature on the anti-
cancer effects of non-THC cannabinoids in vitro and in vivo has accumulated [59]. Here,
we demonstrate viability inhibition by emulsion-embedded CBD and CBG (Figure S3),
comparing the two cohorts of nine primary GBM and eight GSCs lines (Figure 7, Table 2).
We confirmed the slightly higher cytotoxicity of CBD than of CBG, but both were more
cytotoxic to GSCs than to differentiated GBM cells. Optimizing the combination of the
two cannabinoids (3 CBD:1 CBG) [34] resulted in a significantly (two-fold) higher cyto-
toxicity to GSCs than two GBM cells (Figure 7). Based on our previous work [34], we
propose a mechanism in which adding CBG arrests the cell cycle in the G1/51 and G2/M
phases, facilitating apoptosis via cytostatic effects to a greater extent than CBD (Scheme 1).
Similar has been recently reported in cholangiocarcinoma [46]. A decrease in the number
of cholangiocarcinoma cells in the S stage of the cell cycle and a significant increase in
late-stage apoptosis were observed after combined CBD:CBG vs. single cannabinoid treat-
ment. Moreover, CBD and CBG treatments significantly inhibited cell migration, invasion,
and colony formation in both cholangiocarcinoma and GBM [34]. These effects may be
predominantly due to the CBG-induced inhibition of GPR55, affecting proliferation by
impairing MAPK/ERK signalling. Conversely, CBD and CBG also activate CB1 signalling
in differentiated GBM via ceramide accumulation, triggering ER stress, which leads to
apoptosis by two pathways: autophagy and mitochondria/executive caspase activation
(Scheme 1). The proposed mechanism involves the induction of GSC differentiation via the
binding of both CBD and CBG to GPR55 and TRPV1. This leads to the conclusion that only
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targeting CB1 in GBMs to prevent recurrence would not be efficient, as GSC differentiation
is involved as well.

5. Conclusions

Several topics are addressed here, summarised as the major conclusions:

Efficacy of CBD and CBG on glioblastoma (GBM) and GBM stem cells (GSCs):

The translational clinical value of the presented study, searching for non-THC cannabi-
noid adjuvant therapy in GBM patients, is the determined effective CBD CBG mixture
that significantly better targets primary GSCs as differentiated GBM cells. In future, this
formulation is suggested to be validated in vivo in a larger cohort of animal studies and in
adjuvant to standard-of care GBM therapy.

Relative expression of CB1/CNR1, GPR55 and ionotropic TRPV1 genes in GBM and
GSCsb shows similar levels of CNR1 gene but markedly higher levels of GPR55 and signifi-
cantly higher levels of TRPV1 genes in GSCs. Accordingly, the cytotoxicity of CBD and CBG
on GSCs was significantly stronger and reportedly includes the binding and activation of
CB1, the inhibition of GPR55 receptors, and the agonistic modulation of TRPV1 in GBM. The
hypothetical mechanism is presented in Scheme 1, comprising all state-of-the-art information
on the endocannabinoid system in glioblastoma cells and stem cells. In short, CBD and CBG
activate CB1 signalling in differentiated GBM via ceramide accumulation, triggering ER stress,
which leads to apoptosis by two pathways, i.e., via autophagy or mitochondria/executive
caspase activation. The specific role of CBG seems to be mostly the inhibition of GPR55,
affecting proliferation by impaired MAPK/ERK signalling.

The relative expression of CNR1, GPR55 and TRPV1 genes in tissues showed that
the three cannabinoid receptor genes did not correlate to each other in glioma or in GBM
tissues, meaning they were independently regulated. Highly expressed CNR1 and GPR55
genes in glioma and GBM vs. non-cancerous brain tissues did not correlate with increased
malignancy or GBM subtype, respectively. In contrast, the ionotropic receptor TRPV1 gene
was significantly downregulated with glioma progression, possibly indicating its tumour
suppressor role. However, overall survival analyses in the cohort of 86 GBM patients, did
not show any correlation between survival and receptors’ expression. The difference in
tissue vs. isolated tumour cells clearly points to the receptors/endocannabinoid system
activity in the stromal cells, comprising tumour microenvironment.

Correlations of the cannabinoid receptors with molecular GBM/GSCs biomarkers.

The highly relevant finding of this study is the selective and specific correlations among
different sets of the stemness and epithelial-to-mesenchymal transition-related genes. Based
on these correlations and the literature data, we propose a simplified signalling scheme of
preferential targeting of GSCs cells via antagonizing GPR55 and inversely agonizing TRPV1
receptors, which are on one hand both highly expressed in GSCs and on the other correlate
with several major GBM stemness genes (CD15, SOX2, OLIG4, NOTCH, and ID1). The
GSC differentiation processes may be at least partially induced by downregulating these
stemness genes, followed by inhibiting proliferation and inducing autophagy and apoptosis.
However, these mechanisms need to be confirmed by selectively regulating the mRNA of
the receptors and stemness proteins and observing the effects in cannabinoid treatment
on their expression, which were beyond the scope of this report. Additionally, due to
the above-described ECS signalling complexity, the differential expression of cannabinoid
receptors in GBM and GSC cells, and the CBD and CBG interactions with their receptor
network in a single tumour/patient, it is difficult to explain in more details and to predict
their effects.

Further studies should also be related first to the complex GBM microenvironment,
as it has been well established that the mechanism of cannabinoid receptor-induced anti-
tumour activity in experimental glioblastoma animal models is more complex than in
in vitro models and involves an inhibition of not only cancer cells survival/proliferation,
but also tumour invasiveness, angiogenesis and immune response [13,15], involving infil-
trated stromal cells. Secondly, studies related to normal brain cells, neurons an astrocytes,
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comprising the major part of GBM microenvironment reported on lively cross talk with
GBM, but these stromal cells are not affected by cannabinoids, as reviewed in vitro [23,60]
and shown in clinical study in vivo [61].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cancers14235918/s1, Figure S1: Correlation matrix of GPR55, TRPV1
and CNR1 with EMT markers; Figure S2: Mean IC50 values for GSC and GB cell lines treated with
CBD and CBG, dissolved in BE. Figure S3: Mean IC50 values for GSC and GB cell lines treated with
CBD and CBG, dissolved in EtOH/DMSO and BE. Table S1: List of assays used for RT-qPCR analysis
(Thermo Fisher Scientific, USA), Table S2. Details of the GBM patients operated at the Department
Neurosurgery of the University Medical Centre Ljubljana, Slovenia, used for cell viability assays.
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