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Simple Summary: Glioblastoma (GBM) is the most frequent primary brain tumor entity with poor
prognosis and resistance to current standard therapies. Cannabinoids, such as tetrahydrocannabinol
(THC) and cannabidiol (CBD) are discussed as promising compounds for individualized treatment,
as they exert anti-tumor effects by binding to cannabinoid-specific receptors. However, their phar-
macology is highly diverse and complex. The present study was designed to verify (1) whether
cannabinoids show even any effect in GBM cells derived from primary human tumor samples and
(2) to identify the receptor responsible for those effects. Our findings revealed that THC reduces the
number of Ki67 immunoreactive nuclei, a cell cycle marker through the orphan cannabinoid receptor
GPR55. The data suggest a therapeutic potential of cannabinoids in those GBM with functional and
responsive GPR55.

Abstract: Glioblastoma (GBM) is the most frequent malignant tumor of the central nervous system
in humans with a median survival time of less than 15 months. ∆9-Tetrahydrocannabinol (THC) and
cannabidiol (CBD) are the best-characterized components of Cannabis sativa plants with modulating
effects on cannabinoid receptors 1 and 2 (CB1 and CB2) and on orphan receptors such as GPR18 or
GPR55. Previous studies have demonstrated anti-tumorigenic effects of THC and CBD in several
tumor entities including GBM, mostly mediated via CB1 or CB2. In this study, we investigated the
non-CB1/CB2 effects of THC on the cell cycle of GBM cells isolated from human tumor samples.
Cell cycle entry was measured after 24 h upon exposure by immunocytochemical analysis of Ki67
as proliferation marker. The Ki67-reducing effect of THC was abolished in the presence of CBD,
whereas CBD alone did not cause any changes. To identify the responsible receptor for THC effects,
we first characterized the cells regarding their expression of different cannabinoid receptors: CB1,
CB2, GPR18, and GPR55. Secondly, the receptors were pharmacologically blocked by application
of their selective antagonists AM281, AM630, O-1918, and CID16020046 (CID), respectively. All
examined cells expressed the receptors, but only in presence of the GPR55 antagonist CID was the
THC effect diminished. Stimulation with the GPR55 agonist lysophosphatidylinositol (LPI) revealed
similar effects as obtained for THC. The LPI effects were also inhibited by CBD and CID, confirming a
participation of GPR55 and suggesting its involvement in modifying the cell cycle of patient-derived
GBM cells.

Keywords: brain tumor; glioblastoma; THC; CBD; cannabidiol; CB1; CB2; endocannabinoid system;
GPR18; lysophosphatidylinositol; LPI
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1. Introduction

Glioblastoma (GBM) is the most devastating form of primary brain tumors in adults,
with an extremely poor prognosis [1]. The poor success of the current standard modalities
consisting of neurosurgical resection followed by an adjuvant radio- and chemotherapy is
attributed to the immense radio- and chemoresistance and the remarkable heterogeneity
between and within individual tumors [2]. This heterogeneity is reflected by different
cells-of-origin that exhibit distinct phenotypic and molecular characteristics and different
behavior in terms of therapy sensitivity, tumorigenicity, proliferation, motility, invasiveness,
genetics, and epigenetics [2,3]. Accordingly, due to the presence of such a heterogeneous
GBM cell population, new and individualized therapeutic strategies are urgently needed.

In recent years, the human endocannabinoid system (ECS) has been identified as a
promising and novel therapeutic target for treatment of various tumor forms. The ECS
consists of a series of natural ligands, the associated enzyme machinery (for biosynthe-
sis, degradation, and transport), and specific cannabinoid receptors [4]. Thus far, two
cannabinoid-specific receptors have been identified: the CB1 and CB2 receptors [5,6]. In-
triguingly, these receptors have been described in human tumors from lung, breast, prostate,
skin, pancreas, lymphoma, and brain [7–11]. By activating CB1 or CB2, different phyto-
and synthetic cannabinoids were previously shown to exert anti-tumoral effects, leading to
apoptosis or preventing proliferation, invasion, and angiogenesis [9,11–16].

In particular, ∆9-tetrahydrocannabinol (THC) and cannabidiol (CBD), the main ingredi-
ents of Cannabis sativa plants, caused a significant decrease in cell viability and proliferation
in a variety of GBM cell lines, including SF126, U251, U87, C6, and also primary GBM
cells by cell cycle arrest or apoptosis [12–14]. Growth inhibition of U87-MG cell-based
tumor xenografts has been reported after THC and CBD exposure by autophagy-mediated
apoptosis [14]. Furthermore, CBD has been shown to inhibit the invasion of U87-MG and
T98G cells [13]. Remarkably, CBD potentiates the anti-tumor effects of THC apparently via
different receptors and signaling pathways [12,14]. It was demonstrated that THC effects
were often triggered by CB1 and CB2 receptor activation, but the receptor engaged by CBD
was mostly not clarified [14]. Indeed, THC shows a high agonistic activity on CB1 and
CB2, while CBD binds to both receptors with a very low binding affinity [17,18]. Addition-
ally, THC and CBD also modulate certain orphan receptors, such as GPR55 and GPR18,
ion channels, transient receptor potential (TRP) channels in particular, or peroxisome
proliferator-activated receptors (PPAR) such as PPARγ [19–21].

Among these receptors, GPR55 should be highlighted as a putative “third” cannabi-
noid receptor, as it might account for some previously reported non-CB1/CB2 effects of
THC and CBD [10,14]. Most evidence has consistently shown that GPR55 is activated by
the endogenous phospholipid L-α-lysophosphatidylinositol (LPI) [22], and a crucial role
of LPI in tumor progression was postulated. Thus, GPR55 was detectable in a number of
tumor entities including melanoma, colon, breast, cholangiocarcinoma, prostate cancer,
and GBM [23–26]. Since GPR55 promotes proliferation, migration, invasion, and metastasis
of different tumor cells, its expression has been correlated with tumor aggressiveness;
higher histological grades; and, in the case of gliomas, lower survival rates [23]. Despite
the fact that GPR55 is phylogenetically distinct from CB1 and CB2 and displays a low
sequence identity with both (13% and 14%, respectively) [27], several groups proposed an
engagement of GPR55 by several cannabinoids including THC and CBD [19,26]. However,
the heterogeneous interplay of THC and CBD with multiple targets contributes to a much
more complex picture of their pharmacology and gives rise to the need for a detailed
and individual characterization of target receptors involved in cannabinoid-mediated
anti-tumor effects.

The aim of this study was to examine the receptor behind the impact of THC and
CBD on the cell cycle by Ki67-staining of patient-derived tumor cells of human GBMs.
These cells were first characterized regarding their expression pattern of different receptors
that are potential targets of both cannabinoids. Afterwards, pharmacological analyses
with different receptor-specific agonists and antagonists were performed to illustrate the
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receptor behind the reduction of Ki67-immunoreactive cells after THC exposure. The
obtained results suggest that the effects of THC are related to an activation of GPR55.

2. Results
2.1. GBM Cells Differed in Their Morphology and Showed High Proliferation Capacity

After isolation of the patient-derived GBM cells, their morphology and proliferation
capacity were assessed.

All isolated tumor cells grew adherently as monolayer. Under the light microscope,
a morphological heterogeneity between the tumor cells of the three individual tumors
was observed (Figure 1a). In particular, GBM #4 exhibited an elongated mesenchymal-
like phenotype, whereas GBM #10 had a round or elliptical epithelial-like morphology
(Figure 1a). GBM #23 was variable from rather round to elongated shaped (Figure 1a).
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Figure 1. Morphological features and Ki67 immunoreaction of patient-derived glioblastoma (GBM) cells. (a) Representative
light microscope images of the cell morphology of GBM #4, GBM #10, and GBM #23. Scale bar = 50 µm. (b) Schematic
overview showing the presence of Ki67 during the cell cycle. Ki67 is located in the nucleus and is detectable during the
whole cell cycle (G1-, S-, G2-, and M-phase), except for the G0-phase. (c) Graph indicates the percentage of GBM cells
showing Ki67 positivity (Ki67+). Patient-derived GBM cells exhibited different and high numbers of Ki67-labbelled cells.
Their percentage was as follows: 84.73% ± 1.11% (GBM #4, n = 34), 72.12% ± 1.18% (GBM #10, n = 32), and 69.42% ± 1.44%
(GBM #23, n = 22). Data are means ± SEM of all untreated control groups of this study. Significance was chosen for p < 0.05.
The asterisk denotes significant results regarding the respective measurement indicated with the bar. (d) Representative
images of Ki67-stained GBM #4, GBM #10, and GBM #23. Brown staining represents Ki67+ cells (red arrows) and blue
staining Ki67- cells (black arrows). Nuclei were counterstained using hematoxylin. The number of values is represented by
n. Scale bar = 75 µm.
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In general, the examined cells showed high but different numbers of Ki67-immunoreactive
fractions. GBM #4 displayed the highest fraction of about 85%, whereas in GBM #10 and GBM
#23, Ki67 was expressed by approximately 72% and 69% of the cells, respectively (Figure 1c,d).

Further molecular characteristics (MGMT promotor status, IDH1 mutation status, and
expression of stem cell marker) were determined (Table S1).

2.2. THC Decreased Ki67+ Cells and Was Blocked by CBD

The effects of cannabinoids on the number of patient-derived GBM cells entering
the cell cycle were measured by Ki67 after treatment with THC and CBD. We found a
significant decrease in the number of Ki67-immunoreactive nuclei after application of 5 µM
THC after 24 h in GBM #4 and GBM #10, but not in GBM #23 (Figure 2, Table S2). In
addition, stimulation with 5 µM CBD did not cause any changes in all examined GBM cells
(Figure 2, Table S2). After simultaneous application of THC and CBD, CBD reversed the
effects of THC in both GBM #4 and GBM #10 (Figure 2, Table S2).
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GBM #23, only ACEA attenuated the number of Ki67+ cells significantly (Figure S2c,d). In 
contrast to the THC-mediated effects, effects triggered by ACEA or JWH133 were fully 
abolished after pretreatment with the respective receptor antagonists (Figure S2b,d), in-
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by O-1918 did not abolish THC effects (Figure 4b, Table S3), suggesting a 
GPR18-independent mechanism for THC-mediated Ki67 reduction. 

Figure 2. Impact of ∆9-tetrahydrocannabinol (THC) and cannabidiol (CBD) on proliferation capacity of human patient-
derived GBM cells. (a) Effects of THC and CBD on the number of Ki67-labelled GBM cells. In comparison to control group,
application of THC (5 µM) for 24 h produced a significant reduced number of Ki67+ cells in GBM #4 and GBM #10, but not
in GBM #23. Alterations after treatment with CBD (5 µM) were not observed, but in combination with THC it reversed the
effects of THC in GBM #4 and GBM #10. Data are means ± SEM of N = 3 independent experiments performed in duplicate.
Significance was chosen for p < 0.05. The asterisk denotes significant results regarding the respective measurement indicated
with the bar. (b) Representative images of Ki67-immunoreactive GBM cells (Ki67+ in brown and Ki67- in blue) untreated
(CTL) or treated with THC (5 µM), CBD (5 µM), and an equimolar combination of THC and CBD after 24 h. Nuclei were
counterstained using hematoxylin. Scale bar = 75 µm.
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2.3. GBM Cells Expressed Classical and Orphan Cannabinoid Receptors

To identify the involved receptor reducing the number of Ki67+ cells after THC
exposure, we examined the expression of different classical (CB1 and CB2) and orphan
cannabinoid receptors (GPR18 and GPR55). PCR analysis revealed the expression of all
receptors in every patient-derived cell type (Figure 3a and Figure S1a). Consistent with
these data, CB1, CB2, GPR18, and GPR55 were detectable at the protein level in GBM #4,
GBM #10, and GBM #23, as found in Western blot analyses or immunochemical staining
(Figure 3b,c and Figure S1b). Subcellularly, all examined receptors were localized on the
cell membrane, as reflected by the strong brown staining of the cell membrane with a partly
punctuated staining pattern and markedly stained cell protrusions (Figure 3c). Notably,
CB2 receptor showed a more intense immunostaining in GBM #23 when compared either
to GBM #4 and GBM #10 or to the immunostaining of the other receptors in the same cells
(Figure 3c).

2.4. THC-Dependent Reduction of Ki67+ Cells Was Not Mediated by CB1, CB2, and GPR18

We next studied the role of CB1 and CB2 in the THC-mediated suppression of Ki67+

cells by blocking the receptors with their specific antagonists AM281 (CB1) and AM630
(CB2), respectively. Cells were pre-incubated with each antagonist for 15 min (++) and then
treated with THC for 24 h. After pre-treatment with AM281 and AM630, the responses
to THC remained unaffected, making a participation of CB1 and CB2 in the observed
effects very unlikely (Figure 4a, Table S3). Cells treated with AM281 or AM630 alone or a
combination of both showed no alterations in the number of Ki67+ nuclei when compared
to control cells (Figure 4a and Figure S2, Table S3).

Furthermore, the highly selective CB1 agonist ACEA (10 µM) and CB2 agonist JWH133
(10 µM) were ineffective to influence the cell cycle of GBM #4 (Figure S2a,d). In contrast,
both substances reduced Ki67+ cells of GBM #10 after 24 h (Figure S2b,d). In GBM #23,
only ACEA attenuated the number of Ki67+ cells significantly (Figure S2c,d). In contrast
to the THC-mediated effects, effects triggered by ACEA or JWH133 were fully abolished
after pretreatment with the respective receptor antagonists (Figure S2b,d), indicating an
involvement of CB1- and CB2-dependent mechanisms in GBM #10 and GBM #23.

Given the orphan cannabinoid receptor GPR18 also being a target of THC [19,28], we
used O-1918 as an antagonist for GPR18. Our data revealed that inhibition of GPR18 by
O-1918 did not abolish THC effects (Figure 4b, Table S3), suggesting a GPR18-independent
mechanism for THC-mediated Ki67 reduction.

2.5. GPR55 Activation Was Involved in THC-Dependent Reduction of Ki67+ Cells

CBD was previously shown to antagonize GPR55 activation and to counteract THC
effects [25,29]. Therefore, we checked whether THC effects were mediated via GPR55.
We found that pharmacological blockade of GPR55 by 10 µM CID, a synthetic GPR55
antagonist, was sufficient to inhibit the suppression of Ki67+ cells by THC in GBM #4 and
GBM #10 (Figure 4c and Figure S3a–c, Table S3), suggesting GPR55-dependent signaling.
CID alone had no statistically significant effect on Ki67+ cells, neither in GBM #4 nor in
GBM #10 (Figure 4c, Table S3) and GBM#23 (Figure S3a,d). Notably, a co-stimulation of
THC with CID also did not cause any alterations of Ki67+ cells in GBM #23 (Figure S4a,d).

As reported earlier, biphasic effects of cannabinoids might be observed after using
different concentrations applied to the same cell line [30]. Therefore, GBM #4 and GBM
#10 cells were treated with 0.1 µM, 1 µM, and 10 µM THC in addition to 5 µM (Figure 5,
Table S4). The number of Ki67+ cells was significantly reduced at all concentrations, with
smaller effects for 0.1 µM or 1 µM and more pronounced effects for 5 µM or 10 µM THC
(Figure 5, Table S4). The THC effects were also effectively abolished in presence of GPR55-
antagonist CID (10 µM) (Figure 5, Table S4).
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Figure 3. Characterization of human GBM cells regarding their expression of classical and orphan
cannabinoid receptors. (a) mRNA for human CB1 (CNR1), CB2 (CNR2), GPR18 (GPR18), and GPR55
(GPR55) receptors were present in all GBM cells. RNA polymerase II subunit A (POLR2A) was used
as a housekeeping gene. (b) Western blot analysis revealed the expression of all receptors on protein
level. β-Actin was used as loading control. (c) Immunochemical staining showing the presence of
CB1, CB2, GPR18, and GPR55 on the cell surface of GBM #4, GBM #10, and GBM #23 (red arrows).
Nuclei were counterstained using hematoxylin. Scale bar = 50 µm.
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Figure 4. Impact of receptor-specific antagonists on THC-triggered effects. (a) Impact of CB1- and CB2-antagonists AM281
and AM630 on THC effects. AM281 (1 µM) and AM630 (1 µM) combined with THC (5 µM) had no effects on the decreased
number of Ki67+ cells by THC. Co-stimulation with AM281 and AM630 alone did not influence the percentage of Ki67+ cells
in GBM #4 and GBM #10 after 24 h compared to the control group. (b) Impact of GPR18 antagonist O-1918 on THC effects.
After inhibition of GPR18 by O-1918 (30 µM) responses to THC (5 µM) remained unaffected. Administration of O-1918
alone had no influences. (c) Impact of GPR55 antagonist CID16020046 (CID) on THC effects. The Ki67-reducing effects
of THC (5 µM) were effectively attenuated when CID (10 µM) was co-applied, whereas CID alone induced no alterations
in the number of Ki67-immunoreactive nuclei in comparison to the untreated control group. To block each receptor, we
applied the corresponding antagonist 15 min (++) before THC was subsequently added. Data are means ± SEM of N = 3
independent experiments performed in duplicate. Significance was chosen for p < 0.05. The asterisk denotes significant
results regarding the respective measurement indicated with the bar.
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Figure 5. Effects of increasing THC concentrations in presence of GPR55 antagonist CID16020046 (CID). In comparison to
the untreated control group, application of different THC concentrations (0.1–10 µM) for 24 h led to a significant reduction in
the number of Ki67+ cells in GBM #4 and GBM #10. The Ki67-reducing effects of THC were effectively attenuated when CID
(10 µM) was co-applied, whereas CID alone induced no alterations. To block the GPR55 receptor, we applied CID 15 min
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To confirm the involvement of GPR55, we investigated the effect of LPI, an endogenous
agonist of GPR55 [22]. In similarity to data obtained by THC, LPI significantly decreased
the percentage of Ki67+ nuclei in both GBM #4 and GBM #10 (Figure 6a, Table S5).

Thereafter, the cells were pre-incubated with CBD or CID before LPI was subsequently
added. Either CBD or CID diminished LPI-mediated Ki67 reduction (Figure 6a,b, Table S5),
confirming the binding of LPI to GPR55 and consequently revealing the binding of THC to
GPR55 as well as the putative antagonist activity of CBD at GPR55. Although GPR55 was
detected in GBM #23, stimulation with LPI and CBD or CID alone and in combination did
not influence the number of Ki67-immunoreactive nuclei in these cells (Figure S4b–d).

To analyze whether additive effects can be achieved, we incubated the cells with
a combination of THC and LPI. As aforementioned, LPI and THC alone decreased the
number of Ki67+ cells in GBM #4 and GBM #10 significantly, but caused no additive effects
after co-administration, indicating that both substances might bind to the same receptor
site (Figure 7, Table S6). Additionally, missing additive effects were independent of the
order of 15 min pre-treatment (++) with THC or LPI (Figure 7, Table S6).
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3. Discussion

Among the extremely pronounced heterogeneity, uncontrolled cell growth is an addi-
tional hallmark for the aggressive phenotype of GBM [3]. Both parameters represent an
important aspect accounting in large part for the poor prognosis of GBM, highlighting the
urgency of developing alternative therapy modalities and thereby improving patient care
and clinical outcomes. Evidence has accumulated that phytocannabinoids, especially THC
and CBD, can be beneficial for treatment of tumor diseases directly as anti-tumor agents
by preventing tumor-associated mechanisms such as proliferation, migration, invasion,
and angiogenesis [9–11,14,31,32]. These effects of THC and CBD were conducted by a
variety of cannabinoid-specific receptors. Therefore, it is needed to evaluate the responsible
receptor behind specific cannabinoid-mediated effects in individual tumor cells. Thus, the
present study focused on the identification of the receptor involved in the modulation of the
number of Ki67+ cells from patient-derived GBM cells after THC exposure by investigating
the impact of different receptor-specific agonists and antagonists on THC acting.

3.1. THC Modified the Percentage of Ki67+ Patient-Derived GBM Cells

In this study, we analyzed the impact of THC and CBD on the proliferation capac-
ity of human patient-derived GBM cells, measured by counting the number of Ki67-
immunoreactive cells. A recent meta-analysis confirmed that in histological sections Ki67 is
a sensible indicator of poor prognosis in glioma patients [33]. Previous studies reported on
Ki67 indices of GBM tumor samples ranging from 0% to 76.4% [34–36]. In our study, high
growth fractions between 69% and 85% were detected, indicating an uncontrolled growth
of these GBM cells. The higher numbers of Ki67+ cells in our study compared to the in vivo
situation might be explained by the fact that only those tumor cells with strong proliferation
capacity were permanently preserved in cell culture, and other tumor-associated cell types
having low proliferation rates, such as immune cells and endothelial cells, are usually lost
due to the culture condition.

However, we observed a significant decrease of Ki67+ fractions in two of the three
GBM cells after stimulation with THC, while CBD did not cause any alterations. A decrease
in Ki67+ cells implies an accumulation of senescent and non-divisible cells (G0-phase) and
indicates a THC-induced cell cycle arrest. Indeed, using FACS analysis of U251-MG GBM
cells, THC was earlier reported to induce cell cycle arrest in the G0-G1 phase, but not in
the G2-M or S [14]. In addition, investigations in breast cancer cell line EVSA-T and in
melanoma cell line A375 showed an increased number of cells in the G0-G1 compartment
and, in parallel, a decreased number of cells in S phase after THC treatment [10,32].
Modulation of essential regulators of the mammalian cell cycle such as downregulation
of cdc2, inhibition of AKT, or hypophosphorylation of pRb retinoblastoma protein tumor
suppressor were described as the underlying mechanism for cannabinoid-induced cell
cycle arrest [10,32]. Furthermore, evidence exists for the cell cycle dependent induction
of apoptosis, leading subsequently to an accumulation of cells in certain cell cycle phases.
FACS analysis of THC-treated EVSA-T cells revealed that THC-induced cell cycle arrest was
associated with apoptosis in all phases, but the majority of apoptotic cells were detectable
in the G2-M compartment [10]. In our GBM #4 and GBM #10 cells, one might assume a
THC-mediated accumulation of cells in the G0-G1 phase paralleled by a specific reduction
of cells in the S or G2-M phase by apoptosis. In further investigations, the evaluation of
the functional meaning of an altered number of Ki67+ cells after THC treatment should be
performed, and its relevance for anti-tumor actions of THC clarified.

Interestingly, an enhancement of THC-induced cell cycle arrest and apoptosis was
measured by flow cytometry in U251-MG cells when THC and CBD were co-applied [12,14].
In that study, blocking the CB1 or CB2 receptors abrogated THC- but not CBD-induced
effects, indicating a CB1-/CB2-independent acting of CBD. Therefore, activation of different
intracellular mechanisms via different receptors was assumed for THC and CBD to promote
cell cycle arrest and apoptosis [14]. In contrast to these reports, THC and CBD exhibited
opposed effects in the present work, as CBD antagonized the anti-Ki67 effect of THC. This
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interference might be explained either by cell type-specific differences or by binding of
both substances to the same receptor.

3.2. THC Effects Were Not Mediated via CB1 and CB2

In human GBM cell lines, the ability of THC to inhibit growth and induce apoptosis has
been linked to the activation of CB1 and CB2 receptors, which was verified by using selective
receptor antagonists or by silencing receptor expression with specific small interfering
RNAs (siRNAs) [12,14]. We used AM281 and AM630, both selective antagonists of CB1 and
CB2, to underline the involvement of the two classical cannabinoid receptors. Notably, CB1
and CB2 were detectable in all GBM cells tested, and incubation with synthetic agonists
ACEA (CB1) and JWH133 (CB2) caused a reduction of Ki67+ cells in GBM #10 and GBM
#23, but not in GBM #4. These effects were prevented in the presence of AM281 or AM630,
confirming their CB1- and CB2-specfic interactions. In contrast, AM281 and AM630 were
unable to diminish the altered percentage of Ki67+ cells upon exposure of THC in GBM #4
and GBM #10. Although THC is described as a potent CB1 and CB2 ligand with similar
Ki-values to CB1 (Ki = 5.05 nM) and CB2 (Ki = 3.13 nM) compared to ACEA (Ki = 1.4 nM)
and JWH133 (Ki = 3.4 nM) [17,37,38], our data indicate a CB1/CB2-independent signaling
of THC.

One possible explanation for the reason why THC did not act in a similar way as
ACEA and JWH133 might be attributed to the biased signaling of cannabinoid receptors
(functional selectivity). Functional selectivity occurs when one effector becomes pref-
erentially activated by a ligand more potently and efficaciously than another through
ligand-specific changes in receptor conformations [39]. Several studies demonstrated that
the ability of THC to stimulate different effectors (G-proteins and β-arrestin) differs from
agonists for CB1 and CB2 receptors [40–42]. In general, CB1 and CB2 are mainly linked to
Gαi/o type G-proteins, but under special circumstances CB1 can also recruit other G-protein
types such as Gαs and Gαq or other proteins for signaling such as β-arrestin [43–45]. In
an in vitro analysis of neurons with wild-type or Huntington disease background, THC
was signal biased towards β-arrestin, Gαq, and Gβγ compared to Gαi/o, whereas AEA
was signal biased towards Gαi/o compared to β-arrestin and Gαq [41]. In line with that
study, a maximal Gαi activation via CB1 was reported for the non-specific agonists HU-210
and AEA, whereas only a partial Gαi activation was detected for THC [40]. In addition, in
murine brain cortex samples, Gαi subfamily member Gαi3 was triggered by ACEA, but not
by THC [42]. This is in a good agreement with our observation in GBM #23, where ACEA
reduced Ki67+ cells CB1-dependently, but THC did not exhibit any effects.

Consequently, these reports suggest that in our experiments, THC, ACEA, and
JWH133 might induce distinct active receptor conformations of CB1 and CB2, which
in turn might favor different effectors. The results might be the transduction of differ-
ent signaling pathways through the same receptor. As observed here, only ACEA- and
JWH133-meditated signaling pathways were able to reduce Ki67+ cells via CB1 or CB2.

3.3. THC Did Not Act via GPR18

In addition to CB1 and CB2, THC can also bind to the orphan cannabinoid receptor
GPR18 as a potent agonist when ectopically expressed in HEK293 cells [28]. GPR18
is highly abundant in testes, spleen, and within the brain, and its mRNA was evident
in detectable amounts in cell lines of a few tumor entities, including melanoma, breast
cancer, and GBM [46–48]. However, the precise role of GPR18 in tumor diseases remains
unclear. GPR18 is a Gαi/o-coupled receptor and it seems conceivable that its activation
leads to similar effects as reported for the activation of CB1 or CB2. However, no altered
phosphorylation of extracellular signal-regulated kinase1/2 (ERK1/2) was found after
stimulation of two primary GBM cells (NZB11, NZB19) with N-arachidonoyl glycine, the
endogenous GPR18-agonist [48]. Because of the GPR18 expression in the here-examined
patient-derived GBM cells, we speculated this receptor might be responsible for anti-Ki67
activities of THC. Antagonization of GPR18 by its selective antagonist O-1918 showed no
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effects on cell cycle alone and after THC treatment. Consequently, GPR18 was ruled out for
modifying Ki67 upon stimulation with THC.

3.4. THC and CBD Exhibited GPR55-Dependent Signaling in Patient-Derived GBM Cells

A thigh relationship to the endocannabinoid system was demonstrated for another
orphan GPCR, namely, GPR55 [49]. Its wide distribution within the body led to the assump-
tion that GPR55 might be involved in the regulation of diverse physio-pathological func-
tions including endocrine function, tissue inflammation, and energy metabolism [50–52].
More and more studies have been conducted to address the relevance of GPR55 in the
context of human tumor diseases [23,53]. Recently, the GPR55 was demonstrated as having
an association with tumor cell proliferation of different tumor cell lines. A downregulation
of GPR55 by specific siRNAs blocked proliferation of EVSA-T (breast), T98G (GBM), MIA
PaCA-2 (pancreatic), OVCAR3 (ovarian), and PC3 (prostate) cells [23,25]. In addition, the
ability of GPR55 to promote tumor cell proliferation was also reported in vivo, where a
receptor knockdown diminished tumor growth in a xenograft-based model of GBM [23].
Although the specific pharmacology of GPR55 remains controversial, most evidence agrees
on its activation by LPI [22]. It was postulated that the LPI/GPR55 axis plays a crucial role
in tumor progression, and that blocking this pathway might be a promising strategy to
inhibit cancer-promoting mechanisms, especially tumor cell proliferation. In our study,
GPR55 was detectable in patient-derived tumor cells of human GBMs. We asked whether
GPR55 might mediate the CB1/CB2-independent effects of THC in our system. The status
of GPR55 as a putative cannabinoid receptor is still controversial. It is well accepted that
GPR55 is not only activated by LPI but also can recognize certain CB1 and CB2 receptor
ligands [54]. Nevertheless, it should be considered that most of pharmacological analyses
have investigated the effects of cannabinoids on GPR55 in cell lines ectopically overex-
pressing GPR55 [55]. GPR55 was reported to bind THC as an agonist and CBD as an
antagonist [29]. In HEK293 cells transiently expressing human GPR55 and in neurons
of dorsal root ganglion, THC (5 µM) evoked an intracellular calcium increase via GPR55
activation [56]. Furthermore, CBD was able to block GPR55-dependent signaling of LPI
in prostate and ovarian carcinoma cells [25]. In this work, CBD exhibited an antagonistic
activity by counteracting THC effects without showing any effects on its own. These results
led to the hypothesis of the involvement of GPR55 in THC actions. By using the selective
GPR55 antagonist CID, we demonstrated that THC indeed interacts with GPR55, causes
an activation of the receptor, and modulates the Ki67+ fractions of patient-derived GBM
cells. Additionally, the results confirm the antagonistic effect of CBD. Furthermore, it is
known that cannabinoids display biphasic effects, which might occur when they were
used in different concentrations in the same cell line [30]. At concentrations ≤1 µM, THC
acted as a CB2 agonist, and at concentrations ≥5 µM, THC acted as an antagonist via cross
antagonism by GPR55 through a CB2-GPR55 heteromer [30]. Thus, we treated the cells
exemplarily with concentrations ranging between 0.1 and 10 µM THC. Comparable effects,
but in different intensities, were observed, which were prevented by CID. It seems that
biphasic effects did not occur regarding the modulation of Ki67 in the investigated cells,
and here THC acts only via GPR55.

The observation of similar findings upon treatment with GPR55 agonist LPI and
attenuation of its effects by CBD and CID strongly support the conclusion that the decreased
Ki67+ fractions detected in GBM #4 and GBM #10 upon THC treatment were mainly driven
by the activation of GPR55 (Figure 8).
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Notably, our results are in contrast to the aforementioned proliferation-promoting
effects of GPR55 in different tumor entities, since an activation of GPR55 by LPI and even by
THC led to a decreased Ki67-immunoreactive nuclei of GBM cells, which implies a growth-
inhibiting effect of both substances. Furthermore, GPR55 antagonists CID and CBD did not
affect proliferation of GBM cells after 24 h, although an inhibition of tumor cell proliferation
of the pancreatic cell line PANC1 with both GPR55 antagonists was already reported [57].
Similar contradictory results were obtained by a previous study, demonstrating a growth
inhibition of cholangiocarcinoma cell line Mz-ChA-1 when GPR55 became activated by
AEA, an endocannabinoid that generally acts as an agonist at CB1 or CB2 [26]. The effect of
AEA was still present after treatment with CB1 and CB2 antagonists or with the specific
Gαi/o inhibitor pertussis-toxin (PTX), but was fully blocked after a stable shRNA-mediated
knockdown of GPR55 [26]. In this context, distinct signaling pathways activated by GPR55
were discussed and should be considered in further investigations.

3.5. Cell Type-Specific Effects of THC and LPI

Although GPR55 was detected in GBM #23, THC and LPI were incapable of modulat-
ing the percentage of Ki67-immunoreactive cells. These results suggest that the efficacy of
THC in reducing the number of Ki67+ cells shows differences between the three considered
tumor cells. The distinct genetic background due to the inter- and intratumoral hetero-
geneity might be responsible for a tumor- and cell-type specific response after activation
of GPR55.

Since GBMs are characterized by a very high number of genetic alterations causing
changes in proliferation, migration, and invasiveness of tumor cells [58], it is very likely
that one downstream effector molecule of GPR55 might be mutated in GBM #23, resulting
in a disruption or a shift of its signaling. However, the mutation status of effectors involved
in GPR55 signaling in the examined patient-derived cells is unknown and remains to
be determined.

A further aspect that should be considered is the distinct protein–protein interactions
such as variations in accessory protein binding and dimerization with other GPCRs. Func-
tional selectivity might offer another argument with THC as an inducer of cell type-specific
conformational changes of GPR55 favoring other G-proteins to stimulate G-protein-specific
signaling pathways with distinct consequences for cell fate. There is some evidence in
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the literature underlying the amount of certain G-proteins as crucial parameters for the
signaling outcome of one receptor [43,44]. An interesting study demonstrated in HEK293
cells stably expressing rat CB1 that in the presence of PTX, CB1 coupling shifted from
Gαi/o to Gαq when CB1 became activated by WIN 55,212-2 [43]. By inhibiting the Gαi/o
subunit, PTX attenuates the interactions of Gi/o heterotrimeric G-proteins with the receptor,
leading to an increase in the ratio of functional Gαq to Gαi/o, making a coupling to less-
favored Gαq evident [43]. Similar results were obtained later in HEK293 cells transiently
expressing human CB1, where PTX leads to a shift from Gαi- to Gαs-mediated signaling
after WIN55,212-2 and THC administration [44]. Additionally, due to Gαi exhaustion, this
shift was also detectable when CB1 receptor expression was increased [44]. Interestingly,
this phenomenon was reversed by increasing the expression level of Gαi protein [44].
It is therefore conceivable that in our study the GBM cells might differ in the assembly
and expression levels (over- or underexpression) of certain G-proteins or other effector
molecules determining the signaling driven by GPR55 activation.

Furthermore, the signaling cascades of GPR55 can also be changed by the cannabinoid
receptors CB1 and CB2 upon activation, since both are capable of physically interaction
with GPR55 [30,59,60]. In HEK293 cells co-transfected with CB1 and GPR55, the presence of
CB1 caused a reduction or even an inhibition of GPR55-mediated signaling [60]. Similarly,
after dimerization of GPR55 with CB2, a decreased signal transduction was observed
when GPR55 became activated [30,59]. Importantly, a cross antagonism phenomenon
was described in HEK293 cells transfected with CB2 and GPR55, suggesting one receptor
can be targeted by using the partner receptor antagonist. In particular, the LPI-induced
ERK1/2 phosphorylation was prevented by AM630 or SR144528 (CB2 antagonists) [30,59],
and the HU-308 (CB2 agonist) action was blocked by a GPR55-antagonist HBA [30]. In
contrast, blocking of CB2 with AM630 did not affect GPR55-mediated NFAT (nuclear factor
of activated T cells) activation after LPI application [59]. Here, even the interaction with
CB2 led to a reduced NFAT activation by the LPI/GPR55 axis [59]. However, in the present
work, we detected both receptors CB1 and CB2 in all examined tumor cells. Since blocking
CB1 and CB2 did not affect GPR55-dependent THC signaling in GBM #4 and GBM #10, it
counts against a heterodimerization of GPR55 with CB1 and CB2 in GBM #4 and GBM #10,
as suggested by Moreno and colleagues [30], but presumably explains the opposing results
obtained in GBM #23.

Nevertheless, the presented data reflect the high heterogeneity of GBMs regarding
the sensitivity to cannabinoids and their receptor-dependent signaling pathways. Conse-
quently, if cannabinoids are considered as additional therapeutic agents, their efficacy has
to be evaluated in each patient.

4. Materials and Methods
4.1. Isolation of Human Patient-Derived GBM Cells and Cell Culture

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the local ethics committee of the University Halle-Wittenberg (project reference
number: 2015-144). All patients provided signed written informed consent.

Primary cultures of brain tumor cells (designated as GBM #4, GBM #10, and GBM #23)
were obtained from human biopsies. Some details of the tumor samples from whom the
cells were derived and of the isolated cells are shown in Table S1.

To isolate patient-derived GBM cells, we selected a ≈1 mm3 volume of the primary
tumor material, which we rinsed 3 times with 4 ◦C cold HBSS (Hank’s balanced salt
solution, without Ca2+ and Mg2+, Invitrogen, Schwerte, Germany, 14170-138) and then
incubated with 1 mL mixture of trypsin (4 mg/mL, Invitrogen, Schwerte, Germany, 15090-
046) and DNase (0.5 mg/mL, Worthington Biochemical, Lakewood, NJ, USA) on ice for
4 min. After addition of HBSS (4 ◦C, without Ca2+ and Mg2+), the supernatant was removed
and the pellet was carefully mixed with 100 µL DNase, followed by a washing step by
addition of HBSS (4 ◦C, with Ca2+ and Mg2+, Invitrogen, Schwerte, Germany, 24020-133)
and a centrifugation step (10 min, 4 ◦C, 800 g). Subsequently, the pellet was suspended in
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culture medium, transferred to a cell culture flask, and cultured in a humidified incubator
at 37 ◦C and 5% (v/v) CO2. The obtained cells were grown in high-glucose Dulbecco’s
modified Eagle’s medium (Invitrogen, Schwerte, Germany, 41965-062) supplemented with
10% (v/v) fetal bovine serum (FBS; Invitrogen, Schwerte, Germany, 10500-064) and 1%
(v/v) penicillin–streptomycin (Invitrogen, Schwerte, Germany, 15140-122).

4.2. Treatment

For cannabinoid treatment, 10,000 cells were seeded on sterile coverslips and placed
into 24-well plates (Greiner Bio-One, Frickenhausen, Germany, 662160). Cells were allowed
to adhere overnight and were treated for 24 h with fresh medium containing cannabinoids
or LPI (Table 1) until they were fixed with 4% (w/v) paraformaldehyde (AppliChem GmbH,
Darmstadt, Germany, 1.414.511.211). For receptor blockades, cells were first pre-incubated
with the corresponding antagonists (Table 1) alone for 15 min until the medium was
replaced by fresh medium containing agonists with or without antagonists for 24 h. All
treatments were carried out in DMEM with 10% (v/v) FBS.

Table 1. Cannabinoids and LPI.

Substances Targets Behavior Solvent Concentration Company Article Number

ACEA
CB1 agonist [61] ethanol 10 µM

[11,15,16] Tocris, Bristol, UK 1319

SMILES: CCCCC/C=C\C/C=C\C/C=C\C/C=C\CCCC(=O)NCCCl

AM281
CB1 antagonist [62] DMSO 1 µM [15,16] Tocris, Bristol, UK 1115

SMILES: CC1=C(N(N=C1C(=O)NN2CCOCC2)C3=C(C=C(C=C3)Cl)Cl)C4=CC=C(C=C4)I

AM630
CB2 antagonist [63] DMSO 1 µM [15,16] Tocris, Bristol, UK 1120

SMILES: CC1=C(C2=C(N1CCN3CCOCC3)C=C(C=C2)I)C(=O)C4=CC=C(C=C4)OC

Cannabidiol
(CBD)

CB1
CB2

weak agonist [19]

DMSO 5 µM [64] Tocris, Bristol, UK 1570
GPR18
GPR55 antagonist [19]

SMILES: CCCCCC1=CC(=C(C(=C1)O)C2C=C(CCC2C(=C)C)C)O

CID16020046
GPR55 antagonist [65] DMSO 10 µM

(Figure S2) Tocris, Bristol, UK 4959

SMILES: CC1=CC=C(C=C1)C2=NNC3=C2C(N(C3=O)C4=CC=C(C=C4)C(=O)O)C5=CC(=CC=C5)O

Dronabinol
(THC)

CB1
CB2

GPR18
GPR55

agonist [19] DMSO 5 µM [64]
THC pharm GmbH,
Frankfurt am Main,

Germany
THC-1016

SMILES: CCCCCC1=CC(=C2C3C=C(CCC3C(OC2=C1)(C)C)C)O

JWH133
CB2 agonist [61] DMSO 10 µM

[11,15,16] Tocris, Bristol, UK 1343

SMILES: CCCC(C)(C)C1=CC2=C(C=C1)C3CC(=CCC3C(O2)(C)C)C

Lysophospha
tidylinositol

(LPI)

GPR55 agonist [22] DMSO 1 µM [66]
Sigma-Aldrich®

Chemie GmbH,
Steinheim, Germany

L7635

SMILES: CC(=O)OCC(COP(=O)(O)OC1C(C(C(C(C1O)O)O)O)O)O

O-1918
GPR18 antagonist [67] DMSO 30 µM [68] Tocris, Bristol, UK 2288

SMILES: CC1=CC(C(CC1)C(=C)C)C2=C(C=C(C=C2OC)C)OC
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4.3. PCR

Total RNA from cells was extracted using peqGOLD Trifast (Peqlab, Erlangen, Ger-
many, 30-2010) and treated with a DNA-free Kit (Invitrogen, Schwerte, Germany, AM1906),
according to the manufacturer’s instructions. RNA concentration was quantified using
Synergy Mx Mircroplate Reader (BioTek, Winooski, VT, USA). The generated cDNA (Re-
verse Transcription System, Promega GmbH, Walldorf, Germany, A3500) was amplified in
a total volume of 20 µL containing 10 µL PCR-MasterMix (Promega Inc., M7505), 0.5 µL
forward and 0.5 µL reverse primer (25 pM), 0.25 µL of EvaGreen dye (Biotium, Hayward,
CA, USA, 31000), 4.75 µL of nuclease-free water (Promega GmbH, Walldorf, Germany,
P1193), and 4 µL of cDNA. The PCR reaction was performed in a rotor-cycler (Rotor-Gene
RG 6000; Corbett Research, Pty Ltd., Sydney, Australia) under the following conditions:
initial denaturation at 95 ◦C, followed by 40 cycles of denaturation at 94 ◦C (3 s), annealing
at 60 ◦C, elongation at 72 ◦C (30 s), and fluorescence detection at 76 ◦C (CNR1, CD44, MSI1,
NES, SOX2) or 80 ◦C (CNR2, GPR18, GPR55, POLRR2A) (15 s). PCR products were placed
on a 1.5% (w/v) agarose gel (PeqLab, Erlangen, Germany, 35-1020) containing GelRed (Bi-
otium, Hayward, CA, USA 41003) and were visualized using BioTek Synergy Mix (Biotek,
Winooski, VT, USA). The primers used are listed in Table 2.

Table 2. Primer.

Gene Accession Number Forward Primer (5′-> 3′) Reverse Primer (5′-> 3′) Product Size

CD44 NM_000610 CTGGCGCAGATCGATTTGAA TTGCTGCACAGATGGAGTTGG 244 bp
CNR1 NM_033181 GCATCCAAGGAAGGGATGTA CCGTTGTGTGTCTCATCCAC 250 bp
CNR2 NM_001841 GCTCCTCATCTGTTGGTTCC TGACCATGGAGTTGATGAGGC 208 bp
GPR18 NM_005292 CCACCAAGAAGAGAACCAC GAAGGGCATAAAGCAGACG 596 bp
GPR55 NM_005683 GGTGCTCTCCCTCCCATT GCTCACCAGTAGCGGGTAAC 172 bp
MSI1 NM_002442 GATGGTCACTCGGACGAAGAA CAAACCCTCTGTGCCTGTTG 149 bp
NES NM_006617 CAGCGTTGGAACAGAGGTTGG TGGCACAGGTGTCTCAAGGGTAG 389 bp

POLR2A NM_000937 CTTGCCCCGTGCCATGCAGA CTCGCACCCGGCCTTCCTTG 83 bp
SOX2 NM_003106 ACTCCTACGTGGGCGACGAGG CAGGTCCAGACGCAGGATGGC 389 bp

4.4. Western Blot

After protein isolation, the concentration was measured (Pierce BCA Protein Assay
Kit; Thermo Scientific, Schwerte, Germany, 23225) and 20 µg of total protein was used for
the electrophoresis on 12.5% (w/v) SDS gels. Gels were transferred onto nitrocellulose
membranes (BA 85 6E Protean; Whatman plc/G E Healthcare Life Sciences, Darmstadt,
Germany), blocked with Roti-Block (Carl Roth GmbH, Karlsruhe, Germany, A151.2) for
30 min, and incubated overnight at 4 ◦C with the primary antibody (Table 3) diluted in Roti-
Block. Membranes were washed 3 times with washing buffer, incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (Table 3) and washed 5 times. The
signal detection was performed using Luminata Classico Western HRP Substrate (Merck,
Darmstadt, Germany, WBLUCO0500) and was visualized with FusionFX7. β-Actin was
used as a reference.
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Table 3. Antibodies.

Antibodies Species Concentration
(Application) Company Article Number

Anti-β-actin mouse 1:5000 (WB 1)
Cell Signaling, Danvers, MA,

USA 3700

Anti-CB1 rabbit 1:200 (ICC 2)
1:1200 (WB)

Cayman Chemicals, Ann
Arbor, MI, USA 101500

Anti-CB2 rabbit 1:200 (ICC,
WB) Alomon Labs, Jerusalem, Israel ACR-002

Anti-CD133 mouse 1:40 (ICC) Miltenyi Biotec, Bergisch,
Gladbach, Germany 130-092-395

Anti-GPR18 rabbit 1:300 (ICC) gifted from Ken Mackie described in [69]

Anti-GPR55 rabbit 1:200 (ICC) Cayman Chemicals, Ann
Arbor, MI, USA 10224

Anti-IDH1 R132H mouse 1:500 (ICC) Dianova GmbH DIA-H09

Anti-Ki67 rabbit 1:200 (ICC)
DSC innovative

Diagnostic-System,
Hamburg, Germany

KI681C002

Anti-mouse IgG horseradish
peroxidase (HRP)-conjugated horse 1:10,000 (WB) Vector, Burlingame, CA, USA PI-2000

Anti-rabbit IgG,
biotin conjugated goat 1:100 (ICC) Sigma-Aldrich®Chemie

GmbH, Steinheim, Germany B7389

Anti-rabbit IgG, horseradish
peroxidase (HRP)-conjugated goat 1:20,000 (WB) Vector, Burlingame, CA, USA PI-1000

1 Western blot, 2 immunocytochemistry.

4.5. Immunochemical Staining

Fixed cells were treated with 3% (v/v) H2O2 (Carl Roth GmbH, Karlsruhe, Germany,
8070.2) in methanol (Carl Roth GmbH, Karlsruhe, Germany, AE01.2) for 10 min to block
endogenous peroxidases and washed 3 times with 0.02 M PBS containing 0.3% (v/v) Triton
X-100 (AppliChem GmbH, Darmstadt, Germany, A1388.0500) (PBS/Triton). Unspecific
binding sides were blocked with normal goat serum (1:20, Jackson ImmunoResearch, West
Grove, PA, USA, 005-000-121). The samples were incubated overnight with primary anti-
body (Table 3) diluted in PBS containing 0.5% (w/v) bovine serum albumin (Sigma-Aldrich®

Chemie GmbH, Steinheim, Germany, A7906) and 0.3% (v/v) Triton X-100. After wash-
ing with PBS/Triton, samples were incubated with rabbit-specific biotinylated secondary
antibody (Table 3) followed by ExtrAvidin peroxidase (Sigma-Aldrich®Chemie GmbH,
Steinheim, Germany, E2886). Staining was developed with 3,3′-diaminobenzidine (DAB;
Sigma-Aldrich® Chemie GmbH, Steinheim, Germany, D8001) in the presence of 0.05%
(v/v) H2O2 for 5 min. Finally, the cells were counterstained using Mayer’s hematoxylin
(Carl Roth GmbH, Karlsruhe, Germany, T865.1), dehydrated in an ascending concentration
gradient of ethanol, cleared with xylene (Carl Roth GmbH, Karlsruhe, Germany, 97.13.3),
and covered with Entellan (Merck, Darmstadt, Germany, 107960).

All images were obtained with 20× objective with a Leica DMi8 microscope (Wetzlar,
Germany). For Ki67 analysis, 5 different, random regions per coverslip were recorded
and analyzed. Ki67 is expressed during the whole cell cycle, except for G0 (Figure 1b).
The population of Ki67-positive (Ki67+) cells represents the cell fraction, which is able to
proliferate (growth fraction). Thus, the number of Ki67-labelled and hematoxylin-positive
cells was counted and the percentage of Ki67+ cells calculated.
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4.6. Statistics

The values were presented as a mean with standard error of the mean, and all groups
were normalized to the untreated control group. Statistics were calculated using Student’s
t-test and one-way ANOVA with Tukey’s post-test using GraphPad Prism6. All p-values
refer to the respective untreated group of the same parameter of the same cells or to the
group treated with the agonist for the examined receptor. Significance was chosen for
p < 0.05.

5. Conclusions

In this study, we added further insights into THC anti-tumor action, showing its ability
to modify the number of Ki67+ cells of human patient-derived GBM cells, particularly
through the activation of the orphan receptor GPR55 without affecting CB1 and CB2
receptors as usual targets. Although GPR55 was detected in all examined cells, application
of THC affected the Ki67 positivity only in two of them. The understanding of the signaling
pathways triggered by GPR55 will help to elucidate the cell type-specific differences and
additionally the somewhat conflicting results from the present study to the literature.
Nevertheless, THC seems to be a promising compound for individual treatment of those
GBMs with functional GPR55 receptors.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/5/1064/s1. Figure S1: Original images of PCR products and Western Blots.; Figure S2:
Influence and receptor dependence of CB1 and CB2 ligands on the percentage of Ki67+ cells; Figure
S3: Establishment of GPR55 antagonist CID16020046 (CID); Figure S4: Impact of GPR55 ligands on
the percentage of Ki67+ cells in GBM #23; Table S1: Data in patients and primary tumor samples
of investigated GBM; Table S2: Exact measurement values and sample sizes after treatment with
THC and CBD; Table S3: Exact measurement values and sample sizes after treatment with THC
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Author Contributions: Conceptualization, M.R.K., C.S. and F.D.; methodology, M.R.K., T.H., U.H.,
C.G., C.Z. and J.I.; validation, M.R.K., K.M., J.P. and F.D.; formal analysis, M.R.K.; investigation,
M.R.K., T.H., U.H., C.G.; resources, K.M., C.Z., J.P., J.I., C.S. and F.D.; data curation, M.R.K. and J.I.;
writing—original draft preparation, M.R.K.; writing—review and editing, M.R.K., T.H., U.H., J.P., J.I.,
C.S. and F.D.; visualization, M.R.K.; supervision, C.S. and F.D.; project administration, J.P. and F.D.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and was approved by the local ethics committee of the University Halle-Wittenberg
(project reference number: 2015-144).

Informed Consent Statement: All patients provided written signed informed consent and agreed
for tissue donation for medical research.

Data Availability Statement: The datasets of the current study are available from the first author on
reasonable request.

Acknowledgments: We acknowledge the financial support within the funding program Open Access
Publishing by the German Research Foundation (DFG). The authors thank Elmar Kirches from the
Institute of Neuropathology at the University Hospital in Magdeburg for the analysis of promoter
methylation of MGMT.

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

https://www.mdpi.com/2072-6694/13/5/1064/s1
https://www.mdpi.com/2072-6694/13/5/1064/s1


Cancers 2021, 13, 1064 19 of 21

Abbreviations

CB: cannabinoid receptor; CBD: cannabidiol; ECS: endocannabinoid system; GBM: glioblastoma;
GPR: G-protein-coupled receptor; LPI: lysophosphatidylinositol; THC: tetrahydrocannabinol.

References
1. Wen, P.Y.; Kesari, S. Malignant Gliomas in Adults. N. Engl. J. Med. 2008, 359, 492–507. [CrossRef] [PubMed]
2. Bernstock, J.D.; Mooney, J.H.; Ilyas, A.; Chagoya, G.; Estevez-Ordonez, D.; Ibrahim, A.; Nakano, I. Molecular and cellular

intratumoral heterogeneity in primary glioblastoma: Clinical and translational implications. J. Neurosurg. 2019, 1–9. [CrossRef]
3. Stoyanov, G.S.; Dzhenkov, D.; Ghenev, P.; Iliev, B.; Enchev, Y.; Tonchev, A.B. Cell biology of glioblastoma multiforme: From basic

science to diagnosis and treatment. Med. Oncol. 2018, 35, 27. [CrossRef]
4. Iannotti, F.A.; Di Marzo, V.; Petrosino, S. Endocannabinoids and endocannabinoid-related mediators: Targets, metabolism and

role in neurological disorders. Prog. Lipid Res. 2016, 62, 107–128. [CrossRef]
5. 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] [PubMed]
6. Munro, S.; Thomas, K.L.; Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids. Nature 1993, 365,

61–65. [CrossRef] [PubMed]
7. Javid, F.A.; Phillips, R.M.; Afshinjavid, S.; Verde, R.; Ligresti, A. Cannabinoid pharmacology in cancer research: A new hope for

cancer patients? Eur. J. Pharmacol. 2016, 775, 1–14. [CrossRef]
8. Benz, A.H.; Renné, C.; Maronde, E.; Koch, M.; Grabiec, U.; Kallendrusch, S.; Rengstl, B.; Newrzela, S.; Hartmann, S.; Hansmann, M.-L.;

et al. Expression and Functional Relevance of Cannabinoid Receptor 1 in Hodgkin Lymphoma. PLoS ONE 2013, 8, e81675. [CrossRef]
9. Laezza, C.; Pagano, C.; Navarra, G.; Pastorino, O.; Proto, M.C.; Fiore, D.; Piscopo, C.; Gazzerro, P.; Bifulco, M. The Endocannabi-

noid System: A Target for Cancer Treatment. IJMS 2020, 21, 747. [CrossRef] [PubMed]
10. Caffarel, M.M.; Sarrió, D.; Palacios, J.; Guzmán, M.; Sánchez, C. ∆9-Tetrahydrocannabinol Inhibits Cell Cycle Progression in

Human Breast Cancer Cells through Cdc2 Regulation. Cancer Res. 2006, 66, 6615–6621. [CrossRef]
11. Hohmann, T.; Grabiec, U.; Ghadban, C.; Feese, K.; Dehghani, F. The influence of biomechanical properties and cannabinoids on

tumor invasion. Cell Adh. Migr. 2017, 11, 54–67. [CrossRef]
12. Torres, S.; Lorente, M.; Rodriguez-Fornes, F.; Hernandez-Tiedra, S.; Salazar, M.; Garcia-Taboada, E.; Barcia, J.; Guzman, M.;

Velasco, G. A Combined Preclinical Therapy of Cannabinoids and Temozolomide against Glioma. Mol. Cancer Ther. 2011, 10,
90–103. [CrossRef]

13. Solinas, M.; Massi, P.; Cinquina, V.; Valenti, M.; Bolognini, D.; Gariboldi, M.; Monti, E.; Rubino, T.; Parolaro, D. Cannabidiol, a
Non-Psychoactive Cannabinoid Compound, Inhibits Proliferation and Invasion in U87-MG and T98G Glioma Cells through a
Multitarget Effect. PLoS ONE 2013, 8, e76918. [CrossRef] [PubMed]

14. Marcu, J.P.; Christian, R.T.; Lau, D.; Zielinski, A.J.; Horowitz, M.P.; Lee, J.; Pakdel, A.; Allison, J.; Limbad, C.; Moore, D.H.; et al.
Cannabidiol enhances the inhibitory effects of delta9-tetrahydrocannabinol on human glioblastoma cell proliferation and survival.
Mol. Cancer 2010, 9, 180–189. [CrossRef] [PubMed]

15. Hohmann, T.; Feese, K.; Greither, T.; Ghadban, C.; Jäger, V.; Dehghani, F.; Grabiec, U. Synthetic Cannabinoids Influence the
Invasion of Glioblastoma Cell Lines in a Cell- and Receptor-Dependent Manner. Cancers 2019, 11, 161. [CrossRef]

16. Hohmann, T.; Feese, K.; Ghadban, C.; Dehghani, F.; Grabiec, U. On the influence of cannabinoids on cell morphology and motility
of glioblastoma cells. PLoS ONE 2019, 14, e0212037. [CrossRef]

17. Pertwee, R.G. Ligands that target cannabinoid receptors in the brain: From THC to anandamide and beyond: Ligands that target
cannabinoid receptors in the brain. Addict. Biol. 2008, 13, 147–159. [CrossRef] [PubMed]

18. Thomas, A.; Baillie, G.L.; Phillips, A.M.; Razdan, R.K.; Ross, R.A.; Pertwee, R.G. Cannabidiol displays unexpectedly high potency
as an antagonist of CB1 and CB2 receptor agonists in vitro. Br. J. Pharm. 2007, 150, 613–623. [CrossRef]

19. Morales, P.; Hurst, D.P.; Reggio, P.H. Molecular Targets of the Phytocannabinoids: A Complex Picture. In Phytocannabinoids;
Kinghorn, A.D., Falk, H., Gibbons, S., Kobayashi, J., Eds.; Springer International Publishing: Cham, Switzerland, 2017; Volume
103, pp. 103–131. ISBN 978-3-319-45539-6.

20. Aizpurua-Olaizola, O.; Elezgarai, I.; Rico-Barrio, I.; Zarandona, I.; Etxebarria, N.; Usobiaga, A. Targeting the endocannabinoid
system: Future therapeutic strategies. Drug Discov. Today 2017, 22, 105–110. [CrossRef]

21. Soderstrom, K.; Soliman, E.; Van Dross, R. Cannabinoids Modulate Neuronal Activity and Cancer by CB1 and CB2 Receptor-
Independent Mechanisms. Front. Pharm. 2017, 8, 720. [CrossRef]

22. Oka, S.; Nakajima, K.; Yamashita, A.; Kishimoto, S.; Sugiura, T. Identification of GPR55 as a lysophosphatidylinositol receptor.
Biochem. Biophys. Res. Commun. 2007, 362, 928–934. [CrossRef]

23. Andradas, C.; Caffarel, M.M.; Pérez-Gómez, E.; Salazar, M.; Lorente, M.; Velasco, G.; Guzmán, M.; Sánchez, C. The orphan G
protein-coupled receptor GPR55 promotes cancer cell proliferation via ERK. Oncogene 2011, 30, 245–252. [CrossRef] [PubMed]

24. Ford, L.A.; Roelofs, A.J.; Anavi-Goffer, S.; Mowat, L.; Simpson, D.G.; Irving, A.J.; Rogers, M.J.; Rajnicek, A.M.; Ross, R.A. A role
for L-α-lysophosphatidylinositol and GPR55 in the modulation of migration, orientation and polarization of human breast cancer
cells: LPI and GPR55 modulate breast cancer cell migration. Br. J. Pharmacol. 2010, 160, 762–771. [CrossRef]

http://doi.org/10.1056/NEJMra0708126
http://www.ncbi.nlm.nih.gov/pubmed/18669428
http://doi.org/10.3171/2019.5.JNS19364
http://doi.org/10.1007/s12032-018-1083-x
http://doi.org/10.1016/j.plipres.2016.02.002
http://doi.org/10.1038/346561a0
http://www.ncbi.nlm.nih.gov/pubmed/2165569
http://doi.org/10.1038/365061a0
http://www.ncbi.nlm.nih.gov/pubmed/7689702
http://doi.org/10.1016/j.ejphar.2016.02.010
http://doi.org/10.1371/journal.pone.0081675
http://doi.org/10.3390/ijms21030747
http://www.ncbi.nlm.nih.gov/pubmed/31979368
http://doi.org/10.1158/0008-5472.CAN-05-4566
http://doi.org/10.1080/19336918.2016.1183867
http://doi.org/10.1158/1535-7163.MCT-10-0688
http://doi.org/10.1371/journal.pone.0076918
http://www.ncbi.nlm.nih.gov/pubmed/24204703
http://doi.org/10.1158/1535-7163.MCT-09-0407
http://www.ncbi.nlm.nih.gov/pubmed/20053780
http://doi.org/10.3390/cancers11020161
http://doi.org/10.1371/journal.pone.0212037
http://doi.org/10.1111/j.1369-1600.2008.00108.x
http://www.ncbi.nlm.nih.gov/pubmed/18482430
http://doi.org/10.1038/sj.bjp.0707133
http://doi.org/10.1016/j.drudis.2016.08.005
http://doi.org/10.3389/fphar.2017.00720
http://doi.org/10.1016/j.bbrc.2007.08.078
http://doi.org/10.1038/onc.2010.402
http://www.ncbi.nlm.nih.gov/pubmed/20818416
http://doi.org/10.1111/j.1476-5381.2010.00743.x


Cancers 2021, 13, 1064 20 of 21

25. Piñeiro, R.; Maffucci, T.; Falasca, M. The putative cannabinoid receptor GPR55 defines a novel autocrine loop in cancer cell
proliferation. Oncogene 2011, 30, 142–152. [CrossRef]

26. Huang, L.; Ramirez, J.C.; Frampton, G.A.; Golden, L.E.; Quinn, M.A.; Pae, H.Y.; Horvat, D.; Liang, L.; DeMorrow, S. Anandamide
exerts its antiproliferative actions on cholangiocarcinoma by activation of the GPR55 receptor. Lab. Investig. 2011, 91, 1007–1017.
[CrossRef] [PubMed]

27. Baker, D.; Pryce, G.; Davies, W.L.; Hiley, C.R. In silico patent searching reveals a new cannabinoid receptor. Trends Pharmacol. Sci.
2006, 27, 1–4. [CrossRef] [PubMed]

28. McHugh, D.; Page, J.; Dunn, E.; Bradshaw, H.B. ∆9-Tetrahydrocannabinol and N-arachidonyl glycine are full agonists at GPR18
receptors and induce migration in human endometrial HEC-1B cells: Novel CB pharmacology at GPR18. Br. J. Pharmacol. 2012,
165, 2414–2424. [CrossRef]

29. Ryberg, E.; Larsson, N.; Sjögren, S.; Hjorth, S.; Hermansson, N.-O.; Leonova, J.; Elebring, T.; Nilsson, K.; Drmota, T.; Greasley, P.J.
The orphan receptor GPR55 is a novel cannabinoid receptor: GPR55, a novel cannabinoid receptor. Br. J. Pharmacol. 2009, 152,
1092–1101. [CrossRef] [PubMed]

30. Moreno, E.; Andradas, C.; Medrano, M.; Caffarel, M.M.; Pérez-Gómez, E.; Blasco-Benito, S.; Gómez-Cañas, M.; Pazos, M.R.;
Irving, A.J.; Lluís, C.; et al. Targeting CB 2-GPR55 Receptor Heteromers Modulates Cancer Cell Signaling. J. Biol. Chem. 2014, 289,
21960–21972. [CrossRef]

31. Likar, R.; Nahler, G. The use of cannabis in supportive care and treatment of brain tumor. Neuro-oncol. Pract. 2017, 4, 151–160. [CrossRef]
32. 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] [PubMed]
33. Chen, W.-J.; He, D.-S.; Tang, R.-X.; Ren, F.-H.; Chen, G. Ki-67 is a valuable prognostic factor in gliomas: Evidence from a systematic

review and meta-analysis. Asian Pac. J. Cancer Prev. 2015, 16, 411–420. [CrossRef]
34. Ralte, A.M.; Sharma, M.C.; Karak, A.K.; Mehta, V.S.; Sarkar, C. Clinicopathological features, MIB-1 labeling index and apoptotic

index in recurrent astrocytic tumors. Pathol. Oncol. Res. 2001, 7, 267–278. [CrossRef]
35. Thotakura, M.; Tirumalasetti, N.; Krishna, R. Role of Ki-67 labeling index as an adjunct to the histopathological diagnosis and

grading of astrocytomas. J. Cancer Res. 2014, 10, 641–645. [CrossRef]
36. Moskowitz, S.I.; Jin, T.; Prayson, R.A. Role of MIB1 in Predicting Survival in Patients with Glioblastomas. J. Neurooncol. 2006, 76,

193–200. [CrossRef]
37. Hillard, C.J.; Manna, S.; Greenberg, M.J.; DiCamelli, R.; Ross, R.A.; Stevenson, L.A.; Murphy, V.; Pertwee, R.G.; Campbell, W.B.

Synthesis and characterization of potent and selective agonists of the neuronal cannabinoid receptor (CB1). J. Pharm. Exp. 1999,
289, 1427–1433.

38. Huffman, J.W.; Liddle, J.; Yu, S.; Aung, M.M.; Abood, M.E.; Wiley, J.L.; Martin, B.R. 3-(1’,1’-Dimethylbutyl)-1-deoxy-delta8-THC
and related compounds: Synthesis of selective ligands for the CB2 receptor. Bioorg. Med. Chem. 1999, 7, 2905–2914. [CrossRef]

39. Mallipeddi, S.; Janero, D.R.; Zvonok, N.; Makriyannis, A. Functional selectivity at G-protein coupled receptors: Advancing
cannabinoid receptors as drug targets. Biochem. Pharmacol. 2017, 128, 1–11. [CrossRef]

40. Glass, M.; Northup, J.K. Agonist Selective Regulation of G Proteins by Cannabinoid CB1 and CB2 Receptors. Mol. Pharm. 1999,
56, 1362–1369. [CrossRef]

41. Laprairie, R.B.; Bagher, A.M.; Kelly, M.E.M.; Denovan-Wright, E.M. Biased Type 1 Cannabinoid Receptor Signaling Influences
Neuronal Viability in a Cell Culture Model of Huntington Disease. Mol. Pharm. 2016, 89, 364–375. [CrossRef] [PubMed]

42. Diez-Alarcia, R.; Ibarra-Lecue, I.; Lopez-Cardona, Á.P.; Meana, J.; Gutierrez-Adán, A.; Callado, L.F.; Agirregoitia, E.; Urigüen,
L. Biased Agonism of Three Different Cannabinoid Receptor Agonists in Mouse Brain Cortex. Front. Pharm. 2016, 7.
[CrossRef] [PubMed]

43. Lauckner, J.E.; Hille, B.; Mackie, K. The cannabinoid agonist WIN55,212-2 increases intracellular calcium via CB1 receptor
coupling to Gq/11 G proteins. Proc. Natl. Acad. Sci. USA 2005, 102, 19144–19149. [CrossRef]

44. Finlay, D.B.; Cawston, E.E.; Grimsey, N.L.; Hunter, M.R.; Korde, A.; Vemuri, V.K.; Makriyannis, A.; Glass, M. Gαs signalling of the
CB1 receptor and the influence of receptor number. Br. J. Pharm. 2017, 174, 2545–2562. [CrossRef]

45. Al-Zoubi, R.; Morales, P.; Reggio, P.H. Structural Insights into CB1 Receptor Biased Signaling. IJMS 2019, 20, 1837. [CrossRef]
46. Tomko, A.; O’Leary, L.; Trask, H.; Achenbach, J.C.; Hall, S.R.; Goralski, K.B.; Ellis, L.D.; Dupré, D.J. Antitumor Activity of Abnormal

Cannabidiol and Its Analog O-1602 in Taxol-Resistant Preclinical Models of Breast Cancer. Front. Pharm. 2019, 10, 1124. [CrossRef]
47. Qin, Y.; Verdegaal, E.M.E.; Siderius, M.; Bebelman, J.P.; Smit, M.J.; Leurs, R.; Willemze, R.; Tensen, C.P.; Osanto, S. Quantitative

expression profiling of G-protein-coupled receptors (GPCRs) in metastatic melanoma: The constitutively active orphan GPCR
GPR18 as novel drug target: GPCR expression profiling in melanoma. Pigment Cell Melanoma Res. 2011, 24, 207–218. [CrossRef]

48. Finlay, D.B.; Joseph, W.R.; Grimsey, N.L.; Glass, M. GPR18 undergoes a high degree of constitutive trafficking but is unresponsive
to N-Arachidonoyl Glycine. PeerJ 2016, 4, e1835. [CrossRef]

49. Brown, A.J. Novel cannabinoid receptors: Novel cannabinoid receptors. Br. J. Pharmacol. 2009, 152, 567–575. [CrossRef]
50. Henstridge, C.M.; Balenga, N.A.B.; Kargl, J.; Andradas, C.; Brown, A.J.; Irving, A.; Sanchez, C.; Waldhoer, M. Minireview: Recent

Developments in the Physiology and Pathology of the Lysophosphatidylinositol-Sensitive Receptor GPR55. Mol. Endocrinol. 2011,
25, 1835–1848. [CrossRef] [PubMed]

51. Tudurí, E.; Imbernon, M.; Hernández-Bautista, R.J.; Tojo, M.; Fernø, J.; Diéguez, C.; Nogueiras, R. GPR55: A new promising target
for metabolism? J. Mol. Endocrinol. 2017, 58, R191–R202. [CrossRef]

http://doi.org/10.1038/onc.2010.417
http://doi.org/10.1038/labinvest.2011.62
http://www.ncbi.nlm.nih.gov/pubmed/21464819
http://doi.org/10.1016/j.tips.2005.11.003
http://www.ncbi.nlm.nih.gov/pubmed/16318877
http://doi.org/10.1111/j.1476-5381.2011.01497.x
http://doi.org/10.1038/sj.bjp.0707460
http://www.ncbi.nlm.nih.gov/pubmed/17876302
http://doi.org/10.1074/jbc.M114.561761
http://doi.org/10.1093/nop/npw027
http://doi.org/10.1096/fj.06-6638fje
http://www.ncbi.nlm.nih.gov/pubmed/17065222
http://doi.org/10.7314/APJCP.2015.16.2.411
http://doi.org/10.1007/BF03032383
http://doi.org/10.4103/0973-1482.139154
http://doi.org/10.1007/s11060-005-5262-1
http://doi.org/10.1016/S0968-0896(99)00219-9
http://doi.org/10.1016/j.bcp.2016.11.014
http://doi.org/10.1124/mol.56.6.1362
http://doi.org/10.1124/mol.115.101980
http://www.ncbi.nlm.nih.gov/pubmed/26700564
http://doi.org/10.3389/fphar.2016.00415
http://www.ncbi.nlm.nih.gov/pubmed/27867358
http://doi.org/10.1073/pnas.0509588102
http://doi.org/10.1111/bph.13866
http://doi.org/10.3390/ijms20081837
http://doi.org/10.3389/fphar.2019.01124
http://doi.org/10.1111/j.1755-148X.2010.00781.x
http://doi.org/10.7717/peerj.1835
http://doi.org/10.1038/sj.bjp.0707481
http://doi.org/10.1210/me.2011-1197
http://www.ncbi.nlm.nih.gov/pubmed/21964594
http://doi.org/10.1530/JME-16-0253


Cancers 2021, 13, 1064 21 of 21

52. Yang, H.; Zhou, J.; Lehmann, C. GPR55—A putative “type 3” cannabinoid receptor in inflammation. J. Basic Clin. Physiol.
Pharmacol. 2016, 27. [CrossRef]
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