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Abstract

Activation of β2-adrenergic receptor (β2AR) and deorphanized GPR55 has been shown to 

modulate cancer growth in diverse tumor types in vitro and in xenograft models in vivo. (R,R
′)-4′-methoxy-1-naphthylfenoterol [(R,R′)-MNF] is a bivalent compound that agonizes β2AR but 

inhibits GPR55-mediated pro-oncogenic responses. Here, we investigated the molecular 

mechanisms underlying the anti-tumorigenic effects of concurrent β2AR activation and GPR55 

blockade in C6 glioma cells using (R,R′)-MNF as a marker ligand. Our data show that (R,R′)-
MNF elicited G1-phase cell cycle arrest and apoptosis, reduced serum-inducible cell motility, 

promoted the phosphorylation of PKA target proteins, and inhibited constitutive activation of ERK 

and AKT in the low nanomolar range, whereas high nanomolar levels of (R,R′)-MNF were 

required to block GPR55-mediated cell motility. siRNA knockdown and pharmacological 
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inhibition of β2AR activity were accompanied by significant upregulation of AKT and ERK 

phosphorylation, and selective alteration in (R,R′)-MNF responsiveness. The effects of agonist 

stimulation of GPR55 on various readouts, including cell motility assays, were suppressed by (R,R
′)-MNF. Lastly, a significant increase in phosphorylation-mediated inactivation of β-catenin 

occurred with (R,R′)-MNF, and we provided new evidence of (R,R′)-MNF-mediated inhibition of 

oncogenic β-catenin signaling in a C6 xenograft tumor model. Thus, simultaneous activation of 

β2AR and blockade of GPR55 may represent a novel therapeutic approach to combat the 

progression of glioblastoma cancer.
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1 Introduction

Recent advances in cancer biology have established that tumors are composed of 

continuously evolving heterogeneous populations with varying fitness [1–3]. This 

understanding is also reflected in the move from non-specific cytotoxic agents to target-

specific drugs [4, 5]. However, while target-directed therapies have proven to be extremely 

successful, broad genetic diversity of tumor populations still require use of multi-component 

therapies that often contain combinations of non-specific agents [6]. The need to expand the 

scope of target-based therapies has resulted in development of compounds that affect more 

than one specific target [7, 8]. In this report, we explore the pharmacological properties of 

(R,R′)-4′-methoxy-1-naphthylfenoterol [(R,R′)-MNF], a bitopic compound that acts as an 

antagonist of GPR55 receptor [9, 10] and an agonist of β2-adrenergic receptor (β2AR) [11]. 

Both are important tumor targets.

GPR55 is a G protein-coupled receptor that has pro-oncogenic properties and whose 

expression correlates with tumor aggressiveness and increased activation of extracellular 

signal-regulated kinase (ERK) cascade [12]. Elevated expression of GPR55 has been linked 
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to aggressiveness in human pancreatic, breast and glioblastoma tumors [12, 13], and the 

receptor plays a critical role in regulating proliferation and anchorage-independent growth 

[14, 15]. Incubation of MDA-MB-231 breast cancer cells with the endogenous GPR55 

agonist l-α-lysophosphatidylinositol (LPI) increases cellular migration, orientation and 

polarization [13]. In prostate and ovarian tumor cells, LPI activation of GPR55 increases 

phospho-active ERK and AKT levels, which is blocked by the GPR55 antagonist 

cannabidiol [14]. GPR55 knockdown effectively blocks LPI-mediated ovarian cancer-

induced angiogenesis [16] and reduces T98G glioblastoma tumor growth in mice [12]. We 

have demonstrated that (R,R′)-MNF blocks agonist-mediated internalization of GPR55 and 

inhibits GPR55-associated increase in ERK phosphorylation [9]. Treatment of a variety of 

human tumor cell lines with (R,R′)-MNF inhibits GPR55-associated signaling and 

attenuates proliferation [9, 10]. Furthermore, blockade of GPR55 by (R,R′)-MNF leads to 

reduction of chemoresistance in cancer cells through inactivation of β-catenin and PKM2 

and subsequent downregulation of ABC transporters [10].

Activation of β2AR has been associated with either increased or decreased tumor growth. 

Incubation of hepatocellular carcinoma (HepG2) and pancreatic cancer (PANC-1) cells with 

β2AR agonists promotes cellular proliferation, an effect that is blocked by preincubation 

with β2AR antagonist ICI-118,551 [17]. Epidemiological studies have demonstrated that 

chronic use of β2AR antagonists (beta blockers) is associated with improved survival in 

breast cancer and melanoma patients [18, 19]. However, incubation of MDA-MB-231 cells 

with selective β2AR agonist salbutamol reduces mitogenesis and significantly diminishes 

tumor growth after daily administration to mice bearing a MDA-MB-231 tumor [20]. We 

have recently demonstrated that (R,R′)-MNF attenuates mitosis in human-derived 1321N1 

astrocytoma and U118 glioblastoma cells [21] and inhibits the motility of a panel of 

melanoma cell lines in a dose- and time-dependent fashion [22]. Additional experiments 

indicated that (R,R′)-MNF efficiently blocks the growth of β2AR-expressing tumors via 

cAMP/PKA-dependent pathway activation [22].

Previous studies demonstrate that (R,R′)-MNF acts as a bitopic anti-tumorigenic compound 

due to its ability to act as a β2AR agonist and GPR55 antagonist, although their relative 

contributions to (R,R′)-MNF’s action on tumor growth have not been elucidated. Here, we 

first explore the mechanisms associated with (R,R′)-MNF’s influence on proliferation and 

migration of the rat-derived C6 glioblastoma cell line, which endogenously expresses 

GPR55 and β2AR [23, 24]. This comprehensive investigation into the contributions of β2AR 

versus GPR55 signaling in the anti-tumorigenic response of (R,R′)-MNF has required the 

use of a wide array of techniques. Moreover, we extended our initial report on the anti-

tumorigenic effect of (R,R′)-MNF in mice bearing C6 xenograft tumors [25].

2 Materials and Methods

2.1 Materials

(R,R′)-MNF and (R,R ′)-fenoterol [(R,R′)-Fen] were synthesized as described previously 

[11]. LY294002, API-2, SL327, U0126, AM251, H-89, protein kinase inhibitor-(14–22)-

amide (PKI), O-1602, and Tocrifluor 1117 (T1117) were from Tocris Bioscience. LPI, 
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isoproterenol (ISO) and ICI-118,551 were purchased from Sigma-Aldrich. All compounds 

were dissolved in DMSO and were applied to cells at a final DMSO concentration of 0.1%.

2.2 Cell Culture

The rat-derived C6 glioma cell line and human-derived U87MG glioblastoma cell line were 

obtained from ATCC. The C6 and U87MG cells were routinely maintained in DMEM and 

EMEM, respectively. Both media were supplemented with 2 mM L-glutamine, 100 units/ml 

penicillin, 100 µg/ml streptomycin, and 10% FBS (all from Quality Biological). Cells were 

transferred to serum-free medium 3 h before performing experiments. Upon receipt of the 

cell lines, cells were expanded for a few passages to enable generation of new frozen stocks. 

Cells were resuscitated as needed and used for fewer than 6 months after resuscitation. 

ATCC performs thorough cell line authentication utilizing Short Tandem Repeat profiling.

2.3 Cell Cycle Analysis

C6 cells (5 × 105) were grown on 100-mm dishes for 24 h followed by treatment with 

vehicle (0.1% DMSO) or 20 nM (R,R ′)-MNF in serum-free medium for 6, 12, 24 and 48 h. 

Cell cycle distributions were performed by flow cytometry on propidium iodide-stained 

nuclei prepared by the NIM technique [26]. DNA histograms of at least 10,000 cells 

acquired on Becton-Dickinson FACScanto II (BD Biosciences) were deconvoluted using the 

Multicycle program (Phoenix Flow Systems) for estimates of the percentage of cells in the 

G0/G1, S, and G2+M phases of the cell cycle.

2.4 Apoptosis Assay

The degree of apoptosis was assayed by flow cytometry using the Alexa Fluor 488 annexin 

V/Dead Cell Apoptosis Kit (Invitrogen) and BDFACSCanto II flow cytometer following the 

manufacturer's protocol.

2.5 Scratch assays

These assays were carried out as previously described [9]. In order to determine IC50 of 

(R,R′)-MNF, C6 cells were treated with increasing concentrations of (R,R′)-MNF (0.1 to 

1000 nM). To assess the involvement of β2AR and GPR55 in (R,R′)-MNF-dependent 

inhibition of cellular motility, cells were pretreated either with vehicle (DMSO, 0.1%), 

GPR55 ligands (AM251, O-1602, or LPI) or β2AR antagonist ICI-118,551 for 30 min 

followed by the addition of (R,R′)-MNF as indicated. Cell migration was carried out in 

medium supplemented with 2% FBS, and examined at designated time-points. Each 

experiment was performed in duplicate dishes and repeated at least twice.

2.6 Migration assays

Cellular migration was tracked in real-time using xCELLigence RTCA Analyzer (ACEA 

Biosciences) and Cell Invasion and Migration (CIM) plates (ACEA Biosciences). The lower 

chamber of the CIM plate was filled with growth medium supplemented with 5% FBS 

serving as chemoattractant. Serum-free media was used as negative control for the 

migration. Serum-starved (20 h) C6 cells were seeded out to the upper chamber of CIM plate 

at a density of 3 × 104 cells per well and immediately treated with the compounds of 
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interest. The cells were allowed to migrate via microporous polyethylene terephthalate 

(PET) membrane for up to 24 h. During that time, the impedance of the gold microelectrode 

array attached to the bottom side of the membrane was monitored independently for each 

well and converted by RTCA Software v1.2 (ACEA Biosciences) to cell index (CI), a 

dimensionless parameter, which was directly proportional to the total area of 

microelectrodes populated by the cells. The CI values were plotted over time and the slope 

of the obtained curves was calculated by the software, providing the information on the 

migration rate.

2.7 Immunofluorescence Microscopy

To monitor cellular uptake of the fluorescently labeled GPR55 agonist T1117, C6 glioma 

cells were grown in 35-mm glass bottom culture dishes (MatTek Corp) until 70% 

confluency. Serum-depleted cells were incubated with either vehicle (0.1% DMSO) or (R,R
′)-MNF (50 – 1000 nM) for 30 min followed by the addition of 10 nM T1117. Cell images 

were captured and analyzed as described before [9].

2.8 Gene silencing

C6 cells were subjected to siRNA-mediated β2AR knockdown as followed: C6 cells were 

seeded onto 6-well plates and cultured until 60 – 70% confluency. Transfection of the cells 

was carried out using Lipofectamine RNAiMAX (Invitrogen) with 25 pmol/well of a 

combination of three different Stealth RNAi siRNAs anti-β2AR (Thermo Fisher Scientific) 

or scrambled siRNA (Santa Cruz Biotechnology). Upon transfection, cells were incubated 

for 48 h at 37°C and treated as indicated below.

2.9 Western Blot Analysis

For detection of intracellular signaling proteins, cells were lysed and processed as described 

before [9]. NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific) was 

used to fractionate cellular proteins, where indicated. The list of primary antibodies is 

provided in Supplementary Methods.

2.10 U87MG tumor xenografts in mice

Female Balb/c nude mice were inoculated subcutaneously with 5 × 106 U87MG cells for 

tumor development. The treatments were started at Day 6. Mice were administered a single 

intraperitoneal injection of either vehicle (1% hydroxypropyl-β-cyclodextrin) (Control) or 

40 mg·kg−1 (R,R′)-MNF (Experimental) for 5 days per week for 3 treatment cycles. The 

dosing volume was adjusted according to weight (10 µL/g). Tumor volumes and weights 

were determined at the beginning and end of each dosing cycle. The study was terminated 

on Day 29 when the mean tumor volume in Control animals exceeded 3,000 mm3. Detailed 

description of the xenograft study is provided in Supplementary Methods. All animal 

procedures have been done according to the study protocol approved by the Animal Care 

and Use Committee at CrownBio (AN-1407-009-164), which is based on “The Guide for the 

Care and Use of Laboratory Animals” (NRC 2011).
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2.11 Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM) unless otherwise indicated. 

The results were analyzed using the Student’s t-test when comparing two experimental 

groups, whereas ANOVA coupled with Tukey's post-hoc test was used for multiple 

comparisons. Analyses were performed in Prism 6 (GraphPad Software). Data with P value 

less than 0.05 were considered statistically significant.

3 Results

3.1 (R,R′)-MNF reduces proliferation and induces apoptosis of rat C6 cells

Dramatic changes in cell shape were clearly observed in response to 20 nM (R,R′)-MNF for 

6 and 24 h (Fig. 1A). Rounding up of C6 cells from the culture plate was readily apparent 6 

h post (R,R′)-MNF treatment, consistent with significant cytoskeleton remodeling. The 

dynamic rate of cell cycle progression was then assessed by flow cytometry (Fig. 1B). Cell 

treatment with 20 nM (R,R′)-MNF elicited time-dependent induction in G1 arrest that was 

characterized by an increase of cell population at G1 phase and a sharp reduction at S phase, 

peaking at 12 h [G1: 56.0 ± 1.3% in control versus 72.9 ± 5.1% (P < 0.01); G2/M: 17.2 

± 6.4% in control versus 17.1 ± 1.2% (P > 0.05); S: 26.8 ± 7.4% in control versus 9.4 

± 2.8% (P < 0.01)]. Flow cytometry analysis with Annexin V/PI staining provided evidence 

of apoptosis in response to (R,R′)-MNF (Fig. 1C). The percentage of apoptotic cells dose-

dependently increased after 24 h treatment with (R,R′)-MNF, with a maximum of 21.4 

± 3.2% of cells undergoing apoptosis (Fig. 1D).

3.2 (R,R′)-MNF blocks serum-induced motility of C6 cells

A wound-healing scratch assay was performed to investigate the effects of (R,R′)-MNF on 

directional cell motility. (R,R′)-MNF caused dose-dependent loss in C6 cell motility in 

response to 2% serum (Fig. 1E). The percent open wound areas were plotted in Fig. 1F and 

yielded an IC50 of 4.08 nM (Fig. 1G).

3.3 (R,R′)-MNF inhibits AKT and ERK pathways

The PI3-kinase/AKT pathway plays a key role in control of cell fate through increase in 

protein synthesis and tumor proliferation (Fig. 2A). The effect of (R,R′)-MNF on 

phosphorylation of critical residues that control activity of selected signaling proteins was 

assessed by immunoblotting. AKT was constitutively phosphorylated likely due to the lack 

of measurable amounts of the phosphatase and tensin homolog PTEN in C6 cells [27, 28]. 

Short-term treatment with (R,R′)-MNF dose-dependently reduced phosphorylation of AKT 

(IC50 of 1.99 nM) and that of p70S6 kinase, consistent with a dampening in PI3-kinase 

signaling (Fig. 2B).

It is reported that the reduction in AKT activity increases the potential of GSK3β to 

phosphorylate β-catenin on Ser-33, an event that subsequently destabilizes β-catenin through 

proteasomal degradation [29, 30] and prevents its interaction with nuclear transcription 

factors [31, 32]. Similarly, ERK inactivation preserves GSK3β function and leads to 

decreased β-catenin signaling [33, 34]. Here, treatment with (R,R′)-MNF promoted the 

phosphorylation of β-catenin on Ser-33 (Fig. 2C), with concomitant dose-dependent 
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reduction in nuclear and cytoplasmic β-catenin levels (Fig. 2D). To elucidate which pathway 

drives the (R,R′)-MNF-dependent phosphorylation of β-catenin on Ser33, C6 cells were 

pretreated with pharmacological inhibitors of PI3K/AKT (LY294002 and API-2) and 

MEK1/2 (SL327 and U0126). Preliminary experiments indicated that incubation of C6 cells 

with LY294002 and U0126 selectively inhibited AKT and ERK1/2 phosphorylation, 

respectively, whereas API-2 and SL327 produced partial, non-specific inhibitory activity 

against ERK1/2 and AKT (Fig. S1). Thus, API-2 and SL327 were judged non-specific and 

excluded from further experiments. The ability of LY294002 and U0126 at increasing 

pSer33 β-catenin levels indicated the involvement of both AKT and ERK pathways in the 

regulation of β-catenin activity in C6 cells (Fig. S2).

Dysregulated signaling through cRaf/MEK/ERK cascade also contributes to unrestricted 

cellular proliferation and cancer cell growth (Fig. 2A). As with AKT, C6 cells in basal 

conditions displayed high levels of phosphoactive cRaf/MEK/ERK (Fig. 2E), consistent with 

hyperactivation in upstream regulators. The addition of (R,R ′)-MNF induced a rapid and 

effective reduction in the phosphorylation of these signaling intermediates, with IC50 of 

0.41, 0.34, and 0.94 nM, respectively (Fig. 2E). (R,R′)-MNF had no effect on the level of 

total cRaf, MEK, and ERK proteins.

We next examined the contribution of PI3-kinase/AKT and cRaf/MEK/ERK signaling in the 

anti-migratory activity of (R,R′)-MNF. Real-time migration analysis of C6 cells was 

performed using xCELLigence system in the presence of either LY294002, U0126, or (R,R
′)-MNF. Similar to (R,R′)-MNF, the observed inhibition of C6 cell motility in response to 

LY294002 and U0126 (Fig. 2F and 2G) was consisted with previous reports [35, 36]. Thus, 

(R,R′)-MNF efficiently blocks directional cell motility by attenuating ERK and AKT 

activities, although inhibition of either pathway is sufficient to impede C6 cells’ migration.

3.4 (R,R′)-MNF acts on AKT and ERK pathways via PKA

Our previous study demonstrated that PKA is essential for the antitumorigenic activity of 

(R,R′)-MNF in human-derived melanoma cell lines [22]. Here, (R,R′)-MNF treatment 

elicited a dose-dependent phosphorylation of PKA targets, with an EC50 of 3.68 nM (Fig. 

3A). Multiple immunoreactive bands that represent a broad spectrum of PKA target proteins 

harboring the consensus sequence, xRRxpS(pT) [37, 38], were detected including a protein 

of over 250 kDa. Filamin A is a 280 kDa actin-binding protein that is involved in 

cytoskeletal reorganization and cell motility [39], and is phosphorylated at Ser2152 by PKA 

[40, 41]. The ability of (R,R′)-MNF to promote filamin A phosphorylation at Ser2152 (Fig. 

3A) was consistent with the activation of PKA.

To substantiate the involvement of PKA in (R,R′)-MNF-dependent inhibition of AKT and 

ERK activity, C6 cells were pretreated with either H-89 or PKI followed by the addition of 

(R,R′)-MNF. Both PKA inhibitors did not affect basal phospho-AKT levels, but completely 

abolished the (R,R′)-MNF-dependent reduction in AKT phosphorylation (Fig. 3B). In 

contrast, there was significant increase in basal phospho-ERK levels upon PKA inhibition, 

and the potency of (R,R′)-MNF at inhibiting ERK phosphorylation was preserved despite 

pharmacological inhibition of PKA (Fig. 3C).
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3.5 Activation of β2AR in C6 cells attenuates proliferative signaling

(R,R′)-Fen and ISO are well-characterized β2AR agonists and their potential to modulate 

AKT and ERK phosphorylation was investigated (Fig. 4). (R,R′)-Fen treatment in C6 cells 

reduced phospho-AKT levels with IC50 of 2.54 nM (Fig. 4A, top blots) and decreased ERK 

phosphorylation with IC50 of 2.01 nM (Fig. 4B, top blot). Similarly, ISO suppressed the 

activity of AKT and ERK with IC50 of 0.38 and 0.24 nM, respectively (Fig. 4A and 4B, 

middle blots). Activation of the adenylate cyclase (AC) with forskolin mimicked the action 

of β2AR agonists in a dose-dependent fashion (Fig. 4A and 4B, bottom blots). These results 

illustrate that C6 cells are highly responsive to β2AR agonist-induced inhibition of AKT and 

ERK via the participation of the AC/PKA signaling complex.

The contribution of β2AR activity in the anti-tumorigenic function of (R,R′)-MNF was then 

assessed through the use of small interfering RNA (siRNA) targeting β2AR. We observed 

significantly reduced levels of β2AR in C6 cells treated with β2AR-directed siRNAs (Fig. 

5A) together with a ~3–4 fold increase in basal phospho-AKT and phospho-ERK1/2 levels, 

and ~50% decrease in β-catenin phosphorylation on Ser-33 without affecting the amount of 

phospho-filamin A (Fig. 5B and 5C, compare lanes 1 vs 4). Under basal conditions, the 

phosphorylation of AKT and ERK was not impacted after cell transfection with scrambled 

siRNA (Fig. S3). Of note, the knockdown of β2AR selectively blocked the ability of (R,R′)-
MNF and (R,R′)-Fen to alter the pattern of AKT and β-catenin phosphorylation while being 

ineffective against ERK1/2 and filamin A phosphorylation by the β2AR agonists (Fig. 5B 

and 5C). (R,R′)-MNF was significantly more potent than (R,R′)-Fen.

Pharmacological inhibition of β2AR with ICI-118,551 [42] did not prevent reduction in cell 

motility by 20 nM (R,R′)-MNF, but it significantly abrogated the response elicited by (R,R
′)-Fen (20 nM) (Fig. 5D and Fig. S4A). This led us to evaluate the ability of ICI-118,551 to 

affect the reduction in phospho-AKT and phospho-ERK levels caused by (R,R′)-MNF and 

(R,R′)-Fen (dose-response curves: Fig. 5E – 5H; representative blots: Fig. S4B – S4E). 

Although (R,R′)-Fen and (R,R′)-MNF were equipotent at reducing constitutive AKT and 

ERK phosphorylation, the pre-treatment with ICI-118,551 had a differential effect toward 

the response of the two β2AR agonists. Firstly, the relative refractoriness of (R,R′)-MNF to 

ICI-118,551 action was illustrated by the fact that the IC50 value for (R,R′)-MNF-dependent 

inhibition in AKT phosphorylation increased from 1.9 nM to 4.3 nM and 13.7 nM in cells 

pre-treated with vehicle, 3 nM, and 100 nM of ICI-118,551, respectively (Fig. 5E). 

Moreover, there were 1.6- and 4.5-fold increases in IC50 values for (R,R′)-MNF-mediated 

reduction in phospho-ERK levels with 3 nM and 100 nM of ICI-118,551, respectively (Fig. 

5F). Secondly, (R,R′)-Fen was much more responsive to ICI-118,551 pretreatment (3 nM), 

with ~15-fold (2.5 nM vs. 36.7 nM) and ~23-fold (2.1 nM vs. 48.2 nM) increases in IC50 

values for (R,R′)-Fen-dependent inhibition of AKT and ERK phosphorylation, respectively 

(Fig. 5G and 5H). At the highest dose of ICI-118,551 tested (100 nM), the potency of (R,R
′)-Fen was reduced by more than ~400-fold and ~130-fold toward AKT and ERK 

phosphorylation, respectively (Fig. 5G and 5H).
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3.6 (R,R′)-MNF inhibits agonist-inducible GPR55 function in C6 cells

GPR55 can be constitutively activated in cancer cells in an autocrine manner, partly due to 

the production and secretion of endogenous agonists (e.g., LPI) [13, 43, 44], which 

subsequently bind to GPR55 and activate downstream signaling linked to proliferation [14]. 

CID-16020046 is a specific GPR55 antagonist capable of attenuating basal and LPI-

dependent increase in GPR55 activity [10]. The impact of basal GPR55 activity on the 

proliferative potential of C6 cells was assessed in response to increasing concentrations of 

CID-16020046. Pharmacological inhibition of GPR55 caused a ~20% reduction in AKT and 

ERK phosphorylation (Fig. S5A and S5B), indicating that constitutive GPR55 activity had 

only a minor contribution toward basal phospho-AKT and phospho-ERK levels. Similarly, 

cell treatment with the highest concentration of CID-16020046 (1 µM) reduced the rate of 

cellular proliferation by only 17.6 ± 4.0% (Fig. S5C).

T1117 is a fluorescent analog of AM251 that is internalized via membrane-bound GPR55 

[45]. We recently confirmed the contribution of GPR55 in the uptake and accumulation of 

T1117 in HepG2 and PANC-1 cells [9]. Here, T1117 uptake increased over time and 

pretreatment of C6 cells with (R,R′)-MNF led to a dose-dependent reduction in the rate of 

T1117 incorporation (Fig. 6A), with an IC50 of 320 nM (Fig. 6B).

Increase in cell motility is a well-known readout of GPR55 signaling [12, 13]. Stimulation of 

C6 cells with either O-1602 or AM251 promoted faster wound closure as compared to 

vehicle-treated cells (Fig. 6C). Representative images taken at 0 and 24 h after addition of 

(R,R′)-MNF are depicted in Fig. 6D. When exposed to (R,R′)-MNF, cells exhibited lower 

motility both under basal conditions and following incubation with the GPR55 agonists (Fig. 

6C and 6D). The ability of (R,R′)-MNF to inhibit wound closure evoked by LPI was also 

clearly observed at 20 and 200 nM (R,R′)-MNF (Fig. 6E and 6F).

GPR55 promotes cancer cell proliferation via ERK and AKT [12, 14]. We found that C6 

cells exposed to the GPR55 agonist O-1602 exhibited a 2.20 ± 0.48-fold increase in 

phospho-ERK levels, which was blocked by pretreatment with 20 nM (R,R′)-MNF (Fig. 

6G). However, there was no significant induction of phospho-AKT levels in response to 

O-1602 treatment (Fig. 6H). Moreover, O-1602 rapidly reduced the pool of inactive, 

phosphorylated β-catenin at Ser-33, and pretreatment with (R,R′)-MNF preserved the 

inhibiting phosphorylation levels of β-catenin (Fig. 6I).

The ability of (R,R′)-MNF to reduce p-catenin levels both in basal conditions and upon 

GPR55 stimulation could indicate lower transcriptional activation of β-catenin target genes 

relevant to cancer. We previously reported that (R,R′)-MNF inhibits expression of cyclin 

D1, a target of the β-catenin pathway, in C6 cell line and C6 tumor xenograft [25]. Looking 

back at the original microarray data (GEO accession number: GSE45307), more than 342 

genes were found to be significantly impacted by (R,R′)-MNF treatment, of which 71 genes 

(20.8%) were up-regulated and 271 genes (79.2%) down-regulated. A number of target 

genes impacted by (R,R′)-MNF treatment were found to participate in the stability and/or 

co-transcriptional activity of β-catenin (see Table S1 and description thereof in 

Supplementary Materials).
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To separate the GPR55-dependent effects of (R,R′)-MNF from its β2AR-driven activities, 

C6 cells were depleted of β2AR using siRNA and then treated with O-1602 (Fig. 6J and 6K). 

Under these conditions, O-1602 was ineffective at promoting AKT phosphorylation while 

significantly increasing p-ERK1/2 levels compared to vehicle-treated cells (lane 4 vs lane 2). 

The depletion of β2AR rendered the C6 cells refractory to (R,R′)-MNF inhibition by 

maintaining the ability of O-1602 to promote ERK1/2 phosphorylation (Fig. 6J and 6K, lane 

5 versus lane 4). Thus, in C6 cells, GPR55 is linked to ERK activation, but not to AKT.

3.7 (R,R′)-MNF retards tumor growth in a U87MG xenograft model

(R,R′)-MNF inhibits proliferation of rat C6 cells in vitro (this study) and in C6 xenografts in 

nude mice [25]; however, because C6 cells express both β2AR and GPR55, we decided to 

extend our studies to human U87MG glioblastoma cells, which do not express functional 

β2AR [21], but are GPR55-positive [10]. Consistent with the lack of β2AR function in these 

cells, ISO had no activity towards ERK1/2 phosphorylation (Fig. 7A, top blots) even though 

(R,R′)-MNF elicited ~30% inhibition in phospho-ERK1/2 levels under the same conditions 

(Fig. 7A, bottom blots). No effects towards AKT phosphorylation were observed in response 

to (R,R′)-MNF and ISO (Fig. S6). Treatment of U87MG cells with the GPR55 agonist 

O-1602 induced rapid ERK1/2 phosphorylation, which was abolished by the pretreatment 

with (R,R′)-MNF (Fig. 7B).

Previous in vitro studies have shown that 250 nM (R,R′)-MNF reduces [3H]-thymidine 

incorporation by ~50% in U87MG cells [10, 17]. Here, we showed that administration of 40 

mg·kg−1 (R,R′)-MNF produced a significant decrease in tumor growth in mice bearing 

U87MG tumor xenografts relative to vehicle treatment (Fig. 7C). In control animals, the 

average tumor volume increased from 178 ± 7 mm3 on Day 6 to 2433 ± 250 mm3 at the last 

dose (Day 26) and 3081 ± 304 mm3 when the study was terminated on Day 29. The increase 

in tumor volume from initiation to termination was ~1700%. In the (R,R′)-MNF-treated 

cohort, the average tumor volume increased from 178 ± 6 mm3 on Day 6 to 1289 ± 131 mm3 

on Day 26 and 1869 ± 73 mm3 on Day 29, representing ~1000% increase over the course of 

the study. After the first course of treatment and throughout the study, the tumor volumes 

were significantly lower in the (R,R′)-MNF-treated mice compared to control animals (P < 

0.01).

4 Discussion

Malignant glioma is an aggressive cancer with few patients surviving beyond 5 years [46, 

47]. Current standard of care is surgical resection followed by concurrent chemotherapy with 

temozolomide and radiotherapy [48]. The poor prognosis and lack of viable options 

necessitates the development of new therapies. Initial studies suggest that (R,R′)-MNF may 

provide a novel chemotherapeutic approach, as it potently reduces the proliferation of brain 

cancer cells in vitro [17, 21, 25], significantly retards the growth of tumors maintained as 

xenografts in mice [25] (Fig. 7C), and attenuates multidrug resistance [10].

(R,R′)-MNF is a unique bitopic agent with selective and potent β2AR agonistic and GPR55 

inhibitory properties [10, 11] that are independently associated with the drug’s anti-mitotic 

and anti-tumorigenic actions. In 1321N1, U118MG, and melanoma cell lines, (R,R′)-MNF 
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activation of the β2AR decreases cell growth and motility [21, 22] while (R,R′)-MNF-

associated antagonism of GPR55 produces anti-proliferative effects in HepG2 and PANC-1 

cells despite expression of β2ARs in these cells [9, 10]. Indeed, incubation of HepG2 and 

PANC-1 cells with β2AR agonists [other than (R,R′)-MNF] increases mitogenesis, and 

pretreatment with the selective β2AR antagonist ICI-118,551 fails to dampen the anti-

mitogenic properties of (R,R′)-MNF [17].

C6 cells also express GPR55 and β2AR receptors [49]. Here, we demonstrate that (R,R′)-
MNF significantly reduces internalization and intracellular accumulation of the GPR55 

ligand T1117 and blocks the increase in ERK1/2 phosphorylation and cell motility elicited 

by GPR55 activation. Like (R,R′)-MNF, (R,R′)-Fen is a selective β2AR agonist but without 

anti-GPR55 activity. The reduction in ERK and AKT phosphorylation in (R,R′)-Fen-treated 

C6 cells (Fig. 4) led us to reexamine the relative contribution of β2AR agonism versus 

GPR55 antagonism to C6 cell proliferation and motility and to determine if the observed 

outcomes were the result of synergistic, additive or antagonistic effects.

A dose-dependent attenuation in the phosphorylation of AKT and ERK1/2 was observed in 

C6 cells after incubation with either the selective [(R,R′)-Fen] or non-selective (ISO) β2AR 

agonist, and pre-incubation with 100 nM ICI-118,551 dramatically decreased the potency of 

(R,R′)-Fen. The contribution of the AC/cAMP/PKA signaling cassette in mediating the 

response of β2AR agonists (Fig. 8) was independently validated upon cell treatment with 

forskolin, a direct activation of AC. Even though ICI-118,551-treated cells displayed a 

relatively modest increase in IC50 values for (R,R′)-MNF-mediated reduction in AKT and 

ERK1/2 phosphorylation, as compared to (R,R′)-Fen, the fact remains that β2AR 

antagonism had a negative impact on a subset of (R,R′)-MNF responses, including 

combatting C6 tumor cell proliferation. The potency of (R,R′)-Fen as a β2AR agonist is 

~10-fold greater than (R,R′)-MNF [11], which may be reflected in the difference in the 

magnitude of the ICI-118,551 effect on (R,R′)-MNF and (R,R′)-Fen activity. The possibility 

exists, however, that the ability of (R,R′)-MNF to inhibit GPR55 activity has contributed to 

its relative refractoriness to ICI-118,551 (Fig. 8). Another potential explanation for the 

differential effect of ICI-118,551 is based upon the coupling of the β2-AR to both Gs and Gi 

proteins. (R,R′)-MNF, like most synthetic β2-AR agonists, couples to both Gs and Gi 

proteins [50]. ICI-118,551 has been shown to reduces Gs-dependent actions with either no 

effect on Gi coupling [51] or with some activation of Gi-dependent signaling [52]. Thus, 

siRNA-mediated β2-AR knock-down may result in different effects compared to 

pharmacological receptor blockade with ICI-118,551 due to the differences in G protein 

coupling pattern between (R,R′)-MNF and (R,R′)-Fen, as the latter is a Gs-selective β2-AR 

agonist [53].

It has been reported that the treatment of 1321N1 astrocytoma cells with (R,R′)-Fen 

increases β2AR-mediated accumulation of cAMP, which in turn activates PKA and 

ultimately leads to G1 cell-cycle arrest [21]. Similarly, induction of G1 cell-cycle arrest by 

cAMP analogs correlates with PKA activation in A172 glioma cells [54]. Increase in PKA 

activity has also been reported to be essential for the anti-tumorigenic effects of (R,R′)-
MNF in melanoma cell lines [22]. In this study, we provide new evidence that showed a 

dose-dependent phosphorylation of filamin A and other PKA targets in response to (R,R′)-

Wnorowski et al. Page 11

Cell Signal. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MNF by an increase in β2AR downstream signaling in C6 cells. Pharmacological inhibition 

of PKA blocked (R,R′)-MNF-dependent reduction in phosphorylation of AKT and, to a 

lesser extent, impeded the activating phosphorylation of ERK1/2, whereas in basal 

conditions, phospho-AKT level was refractory to PKA inhibition and phospho-ERK1/2 

levels were significantly increased. These results are consistent with the data obtained after 

selective siRNA-mediated knockdown of β2AR, whereby marked increase in basal levels of 

phospho-AKT and phospho-ERK1/2 was accompanied by complete refractoriness to (R,R′)-
MNF- and (R,R′)-Fen-mediated attenuation of AKT phosphorylation while minimally 

impacting the ability of (R,R′)-MNF to decrease ERK1/2 phosphorylation. These results 

indicate that basal β2AR activity exerts a tonic inhibition on AKT and ERK1/2 

phosphorylation, which is intensified by β2AR agonists. Inhibition of GPR55 with 

CID-16020046 had also a negative impact on basal phospho-AKT and phospho-ERK1/2 

levels, although to a lesser degree than (R,R′)-MNF (Fig. S5). We surmise that inhibition of 

constitutive GPR55 activity most probably contributed to the larger effect of (R,R′)-MNF on 

phospho-ERK1/2 levels in the β2AR siRNA-treated cells as compared to (R,R′)-Fen. Taken 

together, our findings support the notion of an (R,R′)-MNF-dependent increase in β2AR-

AC-PKA signaling cascade and inhibition of GPR55 signal transduction, which attenuate 

pro-oncogenic signaling in C6 cells (Fig. 8).

The activation of AKT and ERK1/2 results in the stabilization and increase in the co-

transcriptional function of β-catenin [31–33]. Here, (R,R′)-MNF was found to reduce the 

levels of phospho-active AKT and ERK, which, in turn, may regulate the abundance and 

signaling potential of β-catenin. Knockdown of β2AR abrogated (R,R′)-MNF-mediated 

increase in β-catenin phosphorylation on Ser-33, while treatment of C6 cells with the 

GPR55 agonist, O-1602, significantly increased β-catenin stability through reduction in 

phospho-β-catenin (Ser-33) levels. This effect was blocked by (R,R′)-MNF most likely 

through inhibition of ERK signaling.

Cell treatment with (R,R′)-MNF dose-dependently reduced C6 cell motility in a β2AR-

independent fashion whereas the negative action of (R,R′)-Fen on cell motility was thwarted 

by ICI-118,551 pretreatment. The ability of (R,R′)-MNF at impeding wound closure elicited 

by GPR55 agonists, such as O-1602, AM251 and LPI, is consistent with earlier reports 

showing a link between cell motility and GPR55 signaling [12, 13]. It appears that both 

β2AR activation and GPR55 inhibition play a role in the attenuation of C6 cell motility by 

(R,R′)-MNF.

U87MG cells do not express functional β2ARs and are refractory to (R,R′)-Fen [21], yet 

(R,R′)-MNF exerts anti-mitogenic activity [17] that correlates with inhibition of GPR55 

activity [10]. Here, (R,R′)-MNF but not ISO (β2AR agonist) dose-dependently reduced 

phospho-ERK1/2 levels under basal conditions and after cell treatment with GPR55 

agonists. These results are reminiscent of those collected from C6 cells and demonstrate the 

conserved anti-tumorigenic effects of (R,R′)-MNF in glioma cell lines. The fact that (R,R′)-
MNF administration has significantly retarded glioma tumor growth in U87MG xenograft 

mouse model indicates that the drug should be active in malignant primary brain tumors and 

brain tumor cell lines that do not express functional β2ARs.
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Interconnections of the β2AR- and GPR55-mediated signaling pathways may enhance the 

expression and activation of a number of signaling molecules, transcriptional activators, and 

effector proteins that modulate tumor cell survival and progression. Based on the results 

presented here, it is reasonable to assume that the dual anti-proliferative properties of (R,R
′)-MNF could be used as monotherapy and combination therapy to combat malignant 

primary brain tumors and brain tumor cell lines harboring β2ARs [55, 56] and/or 

overexpressing GPR55 that is often associated with aggressive glioblastomas [12]. To 

conclude, the bitopic function of (R,R′)-MNF works in concert to reduce pro-oncogenic 

signaling and inhibit tumor growth and metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AC adenylyl cyclase

AM251 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-

piperidinyl-1H-pyrazole-3-carboxamide

β2AR β2-adrenergic receptor

CBR cannabinoid receptor

ICI-118,551 (erythro-DL-1(7-methylindan-4-yloxy)-3-

isopropylaminobutan-2-o1)

(R,R′)-Fen (R,R′)-fenoterol

ISO isoproterenol

LPI L-α-lysophosphatidylinositol

(R,R′)-MNF (R,R′)-4′-methoxy-1-naphthylfenoterol

O-1602 [5-methyl-4-[(1R,6R)-3-methyl-6-(1-methylethenyl)-2-

cyclohexen-1-yl]-1,3 benzenediol

PKI cAMP-dependent protein kinase peptide inhibitor 14–22 

amide

T1117 Tocrifluor 1117
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Highlights

• Activation of β2-adrenergic receptor (β2AR) blocks oncogenic signaling in 

C6 glioma

• Concurrent blockage of GPR55 inhibits GPR55-dependent C6 cell motility

• (R,R′)-4′-methoxy-1-naphthylfenoterol (MNF) is β2AR agonist and GPR55 

antagonist

• Dual receptor action of MNF may represent novel approach to combat 

glioblastoma
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Figure 1. 
(R,R′)-MNF alters cell cycle, promotes apoptosis, and inhibits motility in C6 cells. A, 
Distinct changes in cell morphology after treatment with 20 nM (R,R′)-MNF for 6 and 24 h. 

B, C6 cells were harvested after 6, 12, 24, and 48 h treatment with 20 nM (R,R′)-MNF in 

serum-free medium. Cells were fixed, stained, and then analyzed for DNA content using 

flow cytometry. DNA content analysis in various phases of the cell cycle in function of (R,R
′)-MNF treatment time is shown (n = 3). The two-way ANOVA and Dunnett’s test were 

used to detect significant time-dependent changes in cell cycle of (R,R′)-MNF-treated cells. 

Wnorowski et al. Page 18

Cell Signal. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



*, P < 0.05; **, P < 0.01; n/s, not significant; all vs. 0 h time-point. C, C6 cells were treated 

with vehicle (0.1% DMSO) or (R,R′)-MNF (10, 20 and 50 nM) in serum-free medium for 

24 h, stained with Annexin V and propidium iodide (PI), and then analyzed by flow 

cytometry. Representative profiles are shown for vehicle and 20 nM (R,R′)-MNF. D, The 

fractions of apoptotic and necrotic were quantitated. Values from three independent 

experiments performed in duplicate dishes were plotted. Two-way ANOVA followed by 

Dunnett’s post-hoc test was used to statistically evaluate the extent of apoptosis and necrosis 

in controls vs (R,R′)-MNF-treated cells. There were no statistically significant differences in 

necrosis level. Asterisk symbols mark the differences in the extent of apoptosis: **, P < 

0.01; ***, P < 0.001. E, Confluent C6 cells were subjected to scratch wound and incubated 

in the presence of vehicle (0.1% DMSO) or various concentrations of (R,R′)-MNF (0.1 – 

1000 nM) in medium supplemented with 2% FBS for 12 h The same treatment was repeated 

for an additional 12 h, after which images were captured. F, The relative wound surface area 

of six to eight independent observations was measured and illustrated as scatter plot. G, Data 

represent the means ± SEM (n = 6 – 8) and expressed as percent of open wound area. Dose-

response curve was generated by fitting the experimental data to four-parameter sigmoidal 

equation.
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Figure 2. 
(R,R′)-MNF inhibits the PI3K/AKT and cRaf/MEK/ERK signaling pathways in C6 cells. A, 
Schematic representation of AKT and ERK signal transduction pathways. Pointed arrows 

indicate positive regulation. Solid lines indicate direct regulation whereas dotted lines mark 

multistep regulation. Proteins, together with their respective phospho-residues, investigated 

in this study are depicted as filled ovals. B, Serum-starved C6 cells were incubated with 

vehicle (0.1% DMSO) or the indicated concentrations of (R,R′)-MNF (0.1 – 1000 nM) for 

15 min, and cell lysates were prepared and separated by SDS-PAGE under reducing 
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conditions. Western blotting was carried out with antibodies against phospho- and total-AKT 

(top blots), and phospho- and total-p70S6 kinase (bottom blots). Densitometric quantitation 

of the blots was performed and values were plotted (bottom panel). C, The same lysates 

were probed for phospho- and total β-catenin expression. D, Serum-depleted C6 cells were 

treated with (R,R′)-MNF (0.1 – 1000 nM) or vehicle (DMSO, 0.1%) for 6 h. Nuclear and 

cytoplasmic compartments were assessed for β-catenin expression upon cell fractionation by 

immunoblotting (top panel). Values from four independent experiments were normalized to 

PCNA or β-actin expression and plotted (bottom panel). E, Serum-starved C6 cells were 

incubated with vehicle (0.1% DMSO) or the indicated concentrations of (R,R′)-MNF (0.1 – 

1000 nM) for 15 min, and then lysed. Clarified lysates were tested for phospho-cRaf and 

total-cRaf (top blots), phosphorylated and total forms of MEK1/2 (middle blots), and 

phospho-ERK1/2 and total-ERK2 (bottom blots). Densitometric quantitation of the blots 

was performed and plotted (bottom panel). Bars represent means ± SD from 3 independent 

experiments. F, C6 cells were serum-starved for 20 h, treated with (R,R′)-MNF (20 nM), 

LY294002 (10 µM), U0126 (10 µM) or vehicle (DMSO, 0.1%), and allowed to migrate for 

24 h via microporous PET membrane towards 5% serum. Serum-free media (SFM) was used 

as a negative control for the migration. Cell index, value describing the rate of migration, 

was plotted over time. G, Slope of the migration curves was calculated, providing the 

information on migration rate of the cells treated with the compounds of interest. One-way 

ANOVA followed by the Dunnett’s post-hoc test was used to statistically evaluate the 

results. ***, P < 0.001. The color version of the figure is available in the online version of 

the manuscript.
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Figure 3. 
(R,R′)-MNF acts through PKA activation in C6 cells. A, C6 cells were serum-starved for 3 

h and then treated with vehicle (DMSO, 0.1%) or increasing concentrations of (R,R′)-MNF 

(0.1 – 1000 nM) for 15 min. Clarified cell lysates were resolved by SDS-PAGE followed by 

immunoblotting using a polyclonal antibody detecting phosphorylated substrates of PKA as 

a surrogate marker of PKA activity; β-actin was used as loading control (top blots). Using 

the same lysates, phosphorylation of filamin A on Ser2152 residue, a well-established PKA-

dependent phosphorylation site, was assessed along with total filamin A (bottom blots). 

Wnorowski et al. Page 22

Cell Signal. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Intensities of all phospho-PKA-target bands and of phospho-filamin A bands were 

measured, normalized to respective controls and plotted (bottom panel). B and C, Serum-

depleted C6 cells were pre-treated with either vehicle (DMSO, 0.1%) or the PKA inhibitors, 

H-89 (10 µM) and PKI (10 µM), for 20 min followed by the addition of (R,R′)-MNF (20 

nM) or vehicle (DMSO, 0.1%) for an additional 15 min. Cell lysates were prepared and 

analyzed for phospho- and total-AKT (B, top panel) or phospho- and total-ERK1/2 (C, top 
panel) levels by western blot analysis. Densitometric quantitation of the blots was performed 

and plotted (B and C, bottom panels). One-way ANOVA followed by Tukey's post-hoc test 

was used to statistically evaluate the differences between the various treatments. ***, P < 

0.001; n/s, not significant.
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Figure 4. 
(R,R′)-Fen, ISO, and forskolin inhibit AKT and ERK activation in C6 cells. A and B, 
Serum-depleted C6 cells were treated with increasing concentrations (0.1 – 1000 nM) of 

(R,R′)-Fen, ISO, or forskolin for 15 min. Vehicle (DMSO, 0.1%) was used as control. Cells 

were lysed and tested for the expression of phospho-AKT and total AKT (A) or phospho- 

and total-ERK1/2 (B). Representative immunoblots depicting phosphoactive and total forms 

of AKT and ERK1/2 are depicted (top panels). Dose-response curves were fitted to the data 

obtained from densitometric quantification of band intensities and subsequently normalized 

to DMSO-treated controls (bottom panels). Dose-response curves were generated based on 3 

independent experiments.
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Figure 5. 
β2AR depletion affects the activity of (R,R′)-MNF in C6 cells. A, C6 cells were transfected 

with anti-β2AR siRNA for 48 h. Cell lysates were immunoblotted with a specific anti-β2AR 

antibody using β-actin as a loading control (left panel). Band intensities originating from 

immunoreactive β2AR were measured, normalized to β-actin and plotted (right panel). **, P 
< 0.01 using Student’s t-test B, Phosphorylation status of AKT, ERK1/2, β-catenin, and 

filamin A was assessed in transfected control and β2AR-depleted cells subjected to a 3-h 

serum starvation period and subsequent treatment with either (R,R′)-MNF (10 nM), (R,R′)-
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Fen (10 nM) or vehicle (0.1% DMSO) for 15 min. C, Bands intensities from B were 

measured and plotted as means ± SD from 3 independent experiments. One-way ANOVA 

followed by Tukey's post-hoc test was used to statistically evaluate the effect of the 

treatments. ***, P < 0.001; **, P < 0.01; *, P < 0.05. n/s, not significant. D, Confluent C6 

cells were subjected to scratch wound and then incubated in medium with 2% FBS in the 

absence (−) or presence (+) of 100 nM ICI-118,551 alone or in combination with (R,R′)-
MNF (20 nM) or (R,R′)-Fen (20 nM) for 12 h. The same treatment was repeated for an 

additional 12 h. Representative images captured 24 h after the initial treatment are presented 

in Fig. S4A. The relative wound surface area of seven independent observations was 

measured and illustrated as scatter plot. Different letters indicate significant differences at P 
< 0.05. E – H, Serum-starved C6 cells were pretreated with ICI-118,551 (3 or 100 nM) or 

vehicle (H2O, 0.1%) for 15 min followed by the addition of vehicle (DMSO, 0.1%) or 

increasing concentrations of (R,R′)-MNF (E and F) or (R,R′)-Fen (G and H) for another 15 

min. Cell lysates were immunoblotted for phosphorylated and total forms of AKT (E and G) 

or phospho- and total-ERK1/2 levels (F and H). Dose-response curves of the 

phosphorylated/total ratios are depicted. Representative blots are presented in Fig. S4B – 

S4E.
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Figure 6. 
Functional inhibition of GPR55 in (R,R′)-MNF-treated glioma C6 cells. A, Cellular entry of 

T1117 was measured on a Zeiss 710 confocal microscope with thermoregulated chamber 

system for live cell imaging. Serum-depleted C6 cells were pretreated with increasing 

concentrations of (R,R′)-MNF (50 – 1000 nM) for 30 min followed by the addition of 10 

nM T1117. Plots of signal intensity vs. time were generated from defined regions of interest 

(ROIs). Results are from 2 – 3 independent experiments. The color version of the panel is 

available in the online version of the manuscript. B, The Areas Under the Curve for T1117 
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internalization were calculated and plotted in function of (R,R′)-MNF concentrations, with 

the T1117-AUC value for vehicle-treated cells set at 1.0. C, After the scratch wound, cells in 

medium supplemented with 2% FBS were treated with either vehicle (0.1% DMSO) or the 

GPR55 agonists AM251 (1 µM) and O-1602 (1 µM) for 30 min, followed by the addition of 

equimolar amount of (R,R′)-MNF where indicated. The treatment was repeated 6 h, 12 h 

and 18 h after the initial stimulation. Images were captured at various time-points (12, 24, 

36, and 48 h) and the relative wound surface areas calculated, with the values at ‘time 0’ set 

at 1.0. The color version of the panel is available in the online version of the manuscript. D, 
Representative images for times 0 and 24 h are depicted. E, After the scratch wound, cells in 

medium supplemented with 2% FBS were treated with either vehicle (0.1% DMSO), L-α-

lysophosphatidylinositol alone (LPI, 10 µM), or the combination LPI + (R,R′)-MNF (20 and 

200 nM) as indicated. (R,R′)-MNF treatment was repeated 12 h after initial treatment. 

Images were captured 24 h after wound generation. F, Bars represent the means ± SEM of 

five independent experiments. Different letters indicate significant differences at P < 0.05. G 
– I, C6 cells were pretreated or not with 20 nM (R,R′)-MNF in serum-free medium for 15 

min, followed by the addition of vehicle (DMSO, 0.1%) or the atypical cannabinoid O-1602 

(30 µM) for another 15 min. Cells were lysed and immunoblotted for phosphorylated and 

total forms of ERK (G, upper panels), AKT (H, upper panels), and β-catenin (I, upper 
panels). Bars represent the means ± SD from two independent experiments, each performed 

in duplicate dishes. One-way ANOVA followed by Tukey's post-hoc test was used to 

statistically evaluate the effect of the treatments versus control cells (bottom panels). ***, P 
< 0.001; **, P < 0.01; *, P < 0.05; n/s, not significant. J, C6 cells were transfected with anti-

β2AR siRNA for 48 h. Then, the transfected cells were pretreated or not with (R,R′)-MNF 

(10 nM, 15 min) followed by the addition of GPR55 agonist O-1602 (30 µM) for 15 min. 

Cells were lysed and blotted for phosphorylated and total forms of AKT (upper blots) and 

ERK (bottom blots). K, The bands intensities were measured by volume densitometry. Data 

from four independent experiments were plotted as mean ± SD and analyzed by one-way 

ANOVA and Tukey's post-hoc test. ***, P < 0.001; n/s, not significant.
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Figure 7. 
Functional inhibition of GPR55 in (R,R′)-MNF-treated U87MG glioma cells. A, Serum-

starved U87MG cells were treated with increasing concentrations of ISO (0.1 – 1000 nM), 

(R,R′)-MNF (0.1 – 1000 nM) or vehicle (DMSO, 0.1%) for 15 min. Cells were lysed and 

tested for the expression of phospho-ERK1/2 and total ERK1/2 (top panel). Densitometric 

quantification is depicted (bottom panel). B, U87MG cells were pretreated or not with 20 

nM (R,R′)-MNF in serum-free medium for 15 min, followed by the addition of vehicle 

(DMSO, 0.1%) or the GPR55 agonist O-1602 (30 µM) for another 15 min. Cells were lysed 

and immunoblotted for phosphorylated and total forms of ERK1/2 (upper panel). Bars 

represent the means ± SD from three independent experiments, each performed in duplicate 
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dishes. One-way ANOVA followed by Tukey's post-hoc test was used to statistically 

evaluate the effect of the treatments versus control cells (bottom panel). **, P < 0.01; n/s, not 

significant. C, Volume of U87MG xenograft tumors was determined in female Balb/c nude 

mice after i.p. administration of vehicle (1% hydroxypropyl-β-cyclodextrin) or 40 mg·kg−1 

(R,R′)-MNF once daily for 5 days for 3 treatment cycles (n = 10/group). Data represent 

mean ± SD. The black arrow depicts the last day of (R,R′)-MNF administration. * and **, P 
< 0.05 and 0.01 vs. vehicle-treated control mice. The color version of the figure is available 

in the online version of the manuscript.
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Figure 8. 
The bitopic function of (R,R′)-MNF provides a mechanistic link between β2AR and GPR55 

signaling in C6 glioma cells. The color version of the figure is available in the online version 

of the manuscript.
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