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Abstract
(R,R′)-4′-Methoxy-1-naphthylfenoterol (MNF) promotes growth inhibition and apoptosis of
human HepG2 hepatocarcinoma cells via cannabinoid receptor (CBR) activation. The synthetic
CB1R inverse agonist, AM251, has been shown to block the anti-mitogenic effect of MNF in these
cells; however, AM251 is also an agonist of the recently deorphanized, lipid-sensing receptor,
GPR55, whose upregulation contributes to carcinogenesis. Here, we investigated the role of MNF
in GPR55 signaling in human HepG2 and PANC-1 cancer cell lines in culture by focusing first on
internalization of the fluorescent ligand Tocrifluor 1117 (T1117). Initial results indicated that cell
pretreatment with GPR55 agonists, including the atypical cannabinoid O-1602 and L-α-
lysophosphatidylinositol, dose-dependently reduced the rate of cellular T1117 uptake, a process
that was sensitive to MNF inhibition. GPR55 internalization and signaling mediated by O-1602
was blocked by MNF in GPR55-expressing HEK293 cells. Pretreatment of HepG2 and PANC-1
cells with MNF significantly abrogated the induction of ERK1/2 phosphorylation in response to
AM251 and O-1602. Moreover, MNF exerted a coordinated negative regulation of AM251 and
O-1602 inducible processes, including changes in cellular morphology and cell migration using
scratch wound healing assay. This study shows for the first time that MNF impairs GPR55-
mediated signaling and, therefore, may have therapeutic potential in the management of cancer.
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1. Introduction
(R,R′)-4′-methoxy-1-naphthylfenoterol (MNF) is an analog of (R,R′)-fenoterol with a 573-
fold greater selectivity for β2-AR than β1-AR [1, 2]. It enhances cAMP accumulation with
EC50 value of 3.90 nM in human β2-AR-overexpressing cells [2] and attenuates
proliferation of 1321N1 astrocytoma cells with IC50 value of 3.98 nM [3]. In contrast to
(R,R′)-fenoterol, MNF activates both Gαs and Gαi proteins and potently stimulates
cardiomyocyte contractility, consistent with its role as a β2-AR agonist [2]. However, we
have recently reported that MNF treatment of the human-derived HepG2 hepatocarcinoma
cell line causes growth arrest and apoptosis via a β2-AR-independent route. The MNF
response was found to be insensitive to the β2-AR antagonist ICI 118,551, and U87MG
cells, which lack β2-AR binding activity, were responsive to the antimitogenic effects of
MNF [4]. The presence of the naphthyl moiety in MNF led us to speculate that it may share
structural similarities with other ligands and, therefore, behave as a dually acting compound
with unique affinity and selectivity profile.

Cannabinoid receptors (CBRs) are often co-expressed with β2-AR in many tissues and
various cell types, and their propensity to heterodimerize demonstrates the potential for
crosstalk between the two receptors [5, 6]. In fact, CBRs can modulate β2-AR activity [7].
The engagement of CBRs by endogenous and synthetic cannabinoid ligands results in the
regulation of proliferation and apoptosis of cancer cells [8, 9], including HepG2 cells [4,
10]. It is interesting that treatment with selective pharmacological inverse agonists of CBRs
blocks the antiproliferative actions of MNF in HepG2 cells, consistent with the potential role
of CBRs in MNF signaling [4]. Even though AM251 and its clinical analog, rimonabant,
interact with CB1R as inverse agonists, there is growing body of evidence to suggest that
they also act as agonists for the recently deorphanized GPR55 [11, 12]. GPR55 is a G
protein-coupled receptor with lipid-sensing properties whose upregulation contributes to the
aggressive behavior of various cancer types [13–16]. A role for ERK/MAP kinase signaling
during microglial activation and the promotion of cancer cell proliferation by GPR55 has
been proposed [14, 17]. AM251 also promotes neutrophil chemotaxis by acting as a GPR55
agonist [18]. Thus, the actions of AM251 and rimonabant, which have been widely
interpreted as being mediated by CB1R, may, in fact, include off-target cannabinoid effects,
some of which mediated by GPR55 activation.

The current study was designed to investigate the contribution of GPR55 in MNF actions in
two human cancer cell lines in culture, HepG2 and PANC-1 cells. Pharmacodynamic studies
were first performed to determine whether MNF significantly affected the internalization
and/or recycling of GPR55. In order to achieve this aim, we used Tocrifluor 1117 (T1117), a
fluorescent ligand that binds to endogenous GPR55 with low affinity for CB1R [19]. Then,
the impact of MNF treatment on ligand-mediated activation of signaling pathways
downstream of GPR55 was explored. Further studies will be required to determine if
administration of MNF leads to antitumor activity in vivo.

2. Materials and Methods
2.1 Reagents

(R,R′)-4′-methoxy-1-naphthylfenoterol (MNF) was synthesized as described previously [1].
Dulbecco’s modified Eagle’s medium (DMEM), Eagle’s minimum essential medium,
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trypsin solution, phosphate-buffered saline (PBS), fetal bovine serum (FBS), 100× solutions
of sodium pyruvate (100 mM), L-glutamine (200 mM), and penicillin/streptomycin (a
mixture of 10,000 units/ml penicillin and 10,000 μg/ml streptomycin) were obtained from
Quality Biological (Gaithersburg, MD). Phenol red-free DMEM and sodium bicarbonate
(7.5% solution) were purchased from Life Technologies (Grand Island, NY). WIN 55,212-2,
AM251, and AM630 were purchased from Cayman Chemical (Ann Arbor, MI), whereas
rimonabant (SR 141716A), CP 55,940, O-1602 and Tocrifluor T1117 were from Tocris
Bioscience (Ellisville, MO). L-α-lysophosphatidylinositol (LPI) and G418 was purchased
from Sigma-Aldrich (St-Louis, MO). The structures of all ligands used in this study, their
known specificity for β2-AR, CBRs and GPR55, and relevant references are found in Table
1.

2.2 Maintenance and Treatment of Cell Lines
Human HepG2 hepatocarcinoma cells and human PANC-1 cells were purchased from
ATCC (Manassas, VA). HepG2 cells were maintained in Eagle’s minimum essential
medium supplemented with 1% L-glutamine, 1% sodium pyruvate, 1% penicillin/
streptomycin, and 10% FBS (Hyclone, Logan, UT). PANC-1 cells were cultured in phenol
red-free DMEM supplemented with 4.5 g/L glucose and 1.5 g/L sodium bicarbonate
together with glutamine, pyruvate, penicillin/streptomycin and 10% FBS. HEK293 cells
stably expressing the HA-tagged human GPR55 (3xHA-tagged hGPR55-HEK293) were a
generous gift of Maria Waldhoer (Medical University of Graz, Graz, Austria) [27]. The cells
were maintained in DMEM with 4.5 g/L glucose supplemented with 10% FBS, 0.2 mg/ml
G418, and penicillin/streptomycin. All cell lines were maintained in culture at 37 °C in 5%
CO2, and the medium was replaced every 2–3 days.

Upon receipt of the HepG2 and PANC-1 cell lines from ATCC, cells were expanded for a
few passages to enable the generation of new frozen stocks. Cells were resuscitated as
needed and used for no more than 10–12 passages. Cells were never passaged more than 8–
10 weeks after resuscitation. HepG2 and PANC-1 cells were authenticated by ATCC using
short tandem repeat (STR) analysis.

2.3 Synthesis of 5′-TAMRA-3-phenylpropan-1-amine
Ten μmoles of the NHS ester of 5′-TAMRA (Sigma-Aldrich) was incubated with 20 μmoles
of 3-phenylpropan-1-amine (Sigma-Aldrich) in 1 ml of 0.1M PBS, pH 8.0 for 4 h. The
solution was stream dried under nitrogen and reconstituted in 500 μl of a 1:1 solution of 10
mM Tris-HCl, pH 8.0, in ethanol. The formation of 5′-TAMRA-3-phenylpropan-1-amine
(TAMRA-PPA) and absence of unconjugated NHS ester of 5′-TAMRA was confirmed by
mass spectrometry (Fig. 1A, B). A stock solution of 10 mM of TAMRA-PPA was prepared,
aliquoted and stored at −20°C.

2.4 Cellular Uptake of TocriFluor T1117, a Fluorescently Labeled GPR55 Agonist
Two distinct approached were used to measure cellular accumulation of T1117. In the first
method, cells were grown in 35-mm glass bottom culture dishes (MatTek Corp., Ashland,
MA) for 48 h until reaching ~70% confluence. Serum-depleted cells were incubated either
with DMSO (vehicle, 0.1%), MNF (1 μM), or synthetic cannabinoid compounds (AM630,
AM251, O-1602, CP 55,940) for 30 min prior to the addition of the novel fluorescent
diarylpyrazole cannabinoid ligand, Tocrifluor T1117 (10–100 nM). Cells were imaged with
a Zeiss LSM 710 confocal microscope (Thornwood, NY) equipped with a temperature-
controlled and humidified CO2 chamber and a definite focus system. A 561 nm DPSS laser
was used for the excitation of the 5-TAMRA moiety. The time-series function of the Zeiss
Zen software was used to collect images with a 40× 1.3 NA objective every 30 s for up to
one hour, with all confocal settings remaining the same throughout the experiments. Still
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images, movies and fluorescent intensity quantitation were obtained from these series using
the Zeiss Zen software. Experiments were repeated at least two to three times. The same
procedure was followed for cell incubation with TAMRA-PPA.

In the second method, HepG2 cells were seeded at 1 × 104 cells/well in poly-D-lysine
(Sigma-Aldrich) coated 96-well black/clear bottom plates (BD Biosciences, San Jose, CA).
The next day, cells were stained with 1 μg/ml of DNA-specific fluorescent dye Hoechst
33342 (Life Technologies) and washed once with serum-free medium. Subsequently, cells
were treated with O-1602, AM251 or LPI for 30 min followed by the addition of 100 nM
T1117. After another 30 min of incubation cells were washed once with PBS and fixed with
4% (v/v) paraformaldehyde in PBS. For the assessment of T1117 incorporation, cells were
imaged on the BD Pathway 855 Bioimager workstation (BD Biosciences) using 20× NA
0.75 dry objective (Olympus, Tokyo, Japan); 380/535 nm and 548/570 nm excitation/
emission filter sets were used for acquisition of Hoechst 33342 and T1117 signals,
respectively. AttoVision v1.7 software (BD Biosciences) was applied to analyze T1117
fluorescence within cytoplasmic compartments defined as ring-shaped regions of interest
(ROIs) established around Hoechst-stained nuclei. Numerical data were generated with BD
Image Data Explorer (BD Biosciences) and plotted using Graph Pad Prism 5.03 (GraphPad
Software, CA, USA).

2.5 RNA Interference Experiments
HepG2 and PANC-1 cells were transfected with siRNA oligos (1.25 μg) against GPR55 or a
non-silencing siRNA control for 48 h using 10 μl of siRNA Transfection Reagent (Santa
Cruz Biotechnology, Santa Cruz, CA) following the manufacturer’s protocol. GPR55 siRNA
was a pool of 3 target-specific 20–25 nt siRNAs (cat. sc-75183; Santa Cruz Biotechnology)
designed to knock down gene expression. Following 48 h of siRNA treatment, cells were
washed with PBS, and maintained in serum-free medium before initiating the indicated
experiments.

In another series of experiment, HepG2 cells were transfected with siRNA oligos (1.25 μg)
against CB1R, CB2R or a non-silencing siRNA control for 48 h as indicated above. Each
siRNA was a pool of 3 target-specific 20–25 nt siRNAs (CB1R, sc-39910; CB2R, sc-39912;
Santa Cruz Biotechnology).

2.6 RNA Extraction, cDNA Synthesis, and Reverse Transcription-PCR Analysis
Total RNA was isolated from HepG2 and PANC-1 cells by using the RNeasy Mini kit
(QIAGEN, Valencia, CA). The RNA preparation included a DNase digestion step. RNA
concentration and quality was measured by using a NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE). To obtain cDNA, 1 μg of total RNA was
reverse-transcribed by using the Promega reverse transcription kit (Promega, Madison, WI).
Semiquantitative RT-PCRs were performed to determine the expression of GPR55 and β2-
AR mRNAs by using glyceraldehyde-3-phosphate dehydrogenase as an internal control. The
oligonucleotide primer sequences are found in Table 2 whereas cycle number and the
thermal cycle profiles are found in Table 3.

2.7 GPR55 Internalization Assay
Endocytosis of GPR55 was observed following a previously described protocol with minor
modifications [27]. Briefly, 3xHA-tagged hGPR55-HEK293 cells were grown on Lab-Tek
II CC2 chamber slides (Thermo Scientific Nunc, Rochester, NY) for 48 h in regular medium
and then were serum-starved for 1 h. A pre-incubation with 1:1000 rabbit HA antibody
(Covance, MD) was performed in the presence of vehicle (0.1% DMSO) or 1 μM MNF in
serum-free medium for 45 min at 37°C in a CO2 incubator. Cells were then washed
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extensively with PBS and treated with 5 μM O-1602 in serum-free medium for 20 min at
37°C in the CO2 incubator. Subsequently, cells were washed three times, fixed in fresh 3.7%
paraformaldehyde in PBS (10 min), and incubated with anti-rabbit Alexa Fluor 488 antibody
(Molecular Probes, Eugene, OR; 1:1000, 30 min). Cells were washed and fixed for a second
time prior to permeabilization with 0.2% Triton X-100 (5 min). Incubation with anti-rabbit
Alexa Fluor 568 antibody (Molecular Probes; 1:1000, 30 min) was carried out to determine
the extent of internalized 3xHA-tagged GPR55•anti-HA antibody complexes. After a
washing cycle with PBS, nuclear counterstaining was performed with DAPI (4′,6-
diamidino-2-phenylindole) added to the Prolong Gold antifade mounting medium
(Invitrogen, Carlsbad, CA). Slides were cured for 24 h at room temperature in the dark, and
then images were acquired with a Zeiss LSM 710 confocal microscope using Carl Zeiss
LSM software.

2.8 Scratch Assays
These assays were carried out as previously described with slight modifications [28]. In
brief, cells were seeded in 12-well nontreated polystyrene cell culture plates with flat bottom
(Greiner Bio-One, Monroe, NC). Once the cells became confluent, a scratch wound was
made with a pipette tip and pictured immediately (time 0). Cells were pretreated either with
vehicle (DMSO, 0.1%) or the synthetic GPR55 ligands AM251 (1 μM) or O-1602 (1 μM)
for 30 min followed by the addition of MNF (1 μM) where indicated. Cell migration was
examined at 12, 24, 36, 48 h and 12, 18, 24, 48 h after scratch for the HepG2 and PANC-1
cells, respectively. In preliminary experiments, images of the same field were taken every 3
h to determine the rate of cell migration. Images were captured on an Axiovert 200 inverted
microscope (Carl Zeiss) mounted with an AxioCam HRc digital camera (Carl Zeiss) and the
measurement of scratch area was performed with ImageJ 1.46s software (National Institutes
of Health, Bethesda, MD). Each experiment was performed in duplicate dishes and repeated
at least twice.

2.9 Western Blot Analysis
For detection of intracellular signaling proteins, cells were lysed in
radioimmunoprecipitation buffer containing EGTA and EDTA (Boston BioProducts,
Ashland, MA). The lysis buffer contained a protease inhibitor cocktail (cat. #P8340; Sigma-
Aldrich) and phosphatase inhibitor cocktail sets I and II (cat. #524624 and 524625;
Calbiochem, San Diego, CA). Equivalent amount of proteins (14 and 54 μg/well for
PANC-1 and HepG2 cells, respectively) were separated on 4–12% precast gels (Invitrogen)
using SDS-polyacrylamide gel electrophoresis under reducing conditions and then
electrophoretically transferred onto polyvinylidene fluoride membrane (Invitrogen). Western
blots were performed according to standard methods, which involved blocking in 5% non-
fat milk and incubated with the antibody of interest, followed by incubation with a
secondary antibody conjugated with the enzyme horseradish perodixase. The detection of
immunoreactive bands was performed by chemiluminescence using the ECL Plus Western
Blotting Detection System (GE Healthcare, Piscataway, NJ). The quantification of bands
was done by volume densitometry by using ImageJ software. The rabbit polyclonal
antibodies against EGF receptor (EGFR) and GPR55 were obtained from Cell Signaling
Technology, Inc. (Beverly, MA) and Cayman Chemical Co. (Ann Arbor, MI), respectively.
The monoclonal anti-Hsp90 was purchased from Santa Cruz Biotechnology.

2.10 Effect of MNF on O-1602-mediated Increase in Cell Signaling
Serum-starved cells were pretreated in the absence or presence of 1 μM MNF for 10 min
followed by a 10–min incubation with vehicle, 2.5 and 10 μM O-1602. The levels of total
ERK2 and phosphorylated forms of ERK1/2 (pErk1/2, Thr202/Tyr204) were then
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determined by Western blotting technique. The two primary antibodies were purchased from
Cell Signaling Technology and used at a dilution recommended by the manufacturer.

2.11 Measurement of Phospho-active ERK Using alphaScreen
3xHA-tagged hGPR55-HEK293 cells were plated at 1 × 104/well in 100 μl DMEM
supplemented with 10% FBS and 0.2 mg/ml G418 per well in a 96-well plate and grown at
37 °C for 24 h. Medium was replaced with 100 μl serum-free DMEM medium with G418
(0.2 mg/ml) and incubated for 48 h. Medium was removed and replaced with 50 μl serum-
free DMEM and incubated at 37 °C for 2 h (on day-4). Then 25 μl of vehicle (1% DMSO)
or pre-warmed 4× MNF solution was added to the assay plate and incubated for 15 min at 37
°C followed by addition of 25 μl of 4× agonist solution composed of LPI + rimonabant.
Cells were further incubated for 10 min at 37 °C followed by lysis and detection as per the
instructions provided by the vendor (Perkin Elmer Alphascreen Surefire ERK1/2 assay kit,
cat# TGRES500). The plate was read with the Envision plate reader (Perkin Elmer) using
standard Alphascreen settings.

2.12 Statistical Analysis
Prism 4 (GraphPad Software, Inc., La Jolla, CA) running on a personal computer was used
to perform all statistical data analysis. Effects of different doses of GPR55 agonists on
T1117 incorporation in HepG2 cells were statistically evaluated using one-way analysis of
variance (ANOVA) followed by Dunnett’s test. The same statistical approach was utilized to
evaluate the changes in T1117 internalization in HepG2 cells caused by a panel of siRNAs
designed to silence the expression of CB1R, CB2R and GPR55. Expression levels of GPR55
and T1117 incorporation patterns in PANC-1 cells evoked by non-silencing control siRNA
and GPR55 siRNAs were compared using unpaired Student’s t-test. Effects of 1 μM MNF
on T1117 uptake in HepG2 and PANC-1 cells was also evaluated using Student’s t-test.
Relative ERK1/2 phosphorylation levels in GPR55-expressing HEK293 cells were
compared using one-way ANOVA and Tukey’s post-hoc test. The same method was used to
evaluate the effects of GPR55 siRNA on O-1602-dependent increase of ERK 1/2
phosphorylation in PANC-1 cells as well as to compare the effects of MNF and AM251 on
changes in morphology and migration rate of HepG2 and PANC-1 cells. Unless otherwise
indicated, error bars represent standard error of the mean (SEM).

3. Results
3.1 A Role for the Deorphanized GPR55 in the Cellular Incorporation of T1117

To establish whether the transport and cellular incorporation of T1117 required the presence
of the AM251 moiety, HepG2 cells were incubated for up to 1 h with equimolar amounts of
either T1117 or the fluorophore alone, 5′-TAMRA-(3-phenylpropan-1-amine) (TAMRA-
PPA). No significant incorporation of fluorescence was observed upon cell incubation with
TAMRA-PPA (Fig. 1C).

Initial T1117 uptake rates increased in a dose-dependent manner in HepG2 cells (Fig. 2A).
The areas under the curve (AUC) were calculated and represented as bar graphs (Fig. 2B).
The results clearly showed that maximal T1117-AUC was achieved at 100 nM with half-
maximal signal at ~8 nM. Dropping the temperature to 10 °C reduced the rate of T1117
uptake (data not shown), whereas the simultaneous addition of a 100× molar excess of
unlabeled AM251 caused an 18-min delay in the cellular accumulation of T1117 (Fig. 2C,
D) likely due to a phenomenon of competition for the receptor.

To confirm the role of GPR55 as cell surface receptors responsible for the transport and
cellular accumulation of T1117, HepG2 cells were pretreated with various concentrations of
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the GPR55 agonist O-1602 for 30 min prior to the addition of T1117 (Fig. 3A). The
calculation of T1117-AUC showed a significant dose-dependent reduction in the rate of
cellular T1117 accumulation in response to O-1602 (Fig. 3B), consistent with ligand-
mediated GPR55 occupancy and subsequent lowering in T1117 uptake through competition.
We adapted this functional assay to a 96-well format and showed that pretreatment of
HepG2 cells with two GPR55 ligands, O-1602 and LPI, dose-dependently reduced
subsequent cellular accumulation of T1117 (Fig. 3C and D). The potent synthetic
cannabinoid agonist CP 55,940 has been reported to block GPR55 internalization in a
heterologous expression system [11]. Here, a 30-min pretreatment with CP 55,940 (0.25
μM) delayed the onset of T1117 uptake by 16 min, which was followed by subsequent
decrease in T1117 internalization rate (Fig. 4A). It would appear that blocking GPR55
internalization impairs cellular entry of T1117. As shown previously, inhibition of the
internalization process reduced intracellular accumulation of β2-AR complexed with a
fluorescently labeled ligand in live cells, following agonist binding [29]. The potency of
AM630, a CB2R inverse agonist, was compared to that of the CB1R inverse agonist AM251
(Fig. 2C), and the results showed that cell pretreatment with AM630 had no adverse effect
on T1117 incorporation while preincubation with WIN 55,212-2, a CBR agonist, led to
marked increase in the rate of T1117 accumulation (Fig. 4B).

In order to independently validate our results, the following series of experiments were
performed in parallel using both the HepG2 cells and the PANC-1 cell line, which was
previously shown to be responsive to AM251 treatment [30]. Semiquantitative RT-PCR
analysis established that HepG2 and PANC-1 cells actually expressed GPR55 at the mRNA
level, with PANC-1 cells expressing the most (Fig. 4C). A similar profile was obtained
when looking at β2-AR mRNA levels. Both cell lines were then incubated with siRNA
oligos against GPR55 and the non-silencing siRNA control for 48 h to assess their impact on
T1117 incorporation. Control experiment established that treatment of PANC-1 cells with
GPR55 siRNA led to a ~2-fold reduction in the endogenous protein levels of GPR55 (Fig.
4D). Under these conditions, the silencing of GPR55 caused a significant delay in
internalization and the total amount of T1117 incorporated, as evidenced by a 70.4 ± 8.6%
reduction in T1117-AUC when compared with PANC-1 cells transfected with control
siRNA (Fig. 4E and F). Similarly, more than 90.5 ± 6.3% reduction in T1117-AUC was
noted when HepG2 cells were treated with a pool of GPR55 siRNAs (Fig. 4G and H).

In HepG2 cells transfected with CB2R siRNA, the T1117 incorporation rate was comparable
to that of cells transfected with a non-silencing siRNA control (Fig. 4G and H), consistent
with the data collected with the CB2R inverse agonist, AM630 (Fig. 4B). Moreover, upon
CB1R silencing there was a 10–12 min delay before the start of T1117 incorporation, which
ultimately resulted in a 31.8 ± 11.2% reduction in T1117-AUC (Fig. 4G and H). It is
possible that constitutive CB1R activity participates to some extent in T1117 entry. Because
of the poor quality of commercial antibodies raised against CB1R and CB2R, we were
unable to demonstrate down-regulation of those endogenously expressed GPCRs upon
siRNA transfection.

3.2 MNF Inhibits Cellular Incorporation of T1117
A dose-response study was carried out in serum-depleted HepG2 cells to define the working
effective range of MNF (10 nM – 10 μM) on T1117 internalization. MNF inhibited T1117
incorporation with an IC50 of 0.51 μM (Fig. 5A) and required short-term pretreatment as
opposed to the 16-h period needed to promote apoptosis in these cells [4]. From these
results, the concentration of 1 μM MNF was chosen for the next series of studies aimed at
comparing the effects of MNF in HepG2 and PANC-1 cells. As anticipated, MNF was
equipotent at inhibiting T1117 incorporation in both cell lines (Fig. 5B–D).
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3.3 Effect of MNF on GPR55 Internalization and Downstream Signaling
The effect of MNF on ligand-induced GPR55 internalization and signaling was performed in
HEK293 cells stably expressing 3xHA-tagged GPR55. Using confocal laser scanning
microscopy, GPR55 was found to be located largely at the plasma membrane of
unstimulated cells (Fig. 6A). Addition of O-1602 for 20 min led to marked endocytosis of
3xHA-tagged GPR55, which was blocked by pretreatment with MNF (Fig. 6B). The
determination of pixel count distribution was carried out on the merged images depicted in
Fig. 6B, and the results showed cytoplasmic localization of the receptor in O-1602-treated
cells and its accumulation with the plasma membrane in response to MNF (Fig. 6C).

Additional events downstream of GPR55 internalization may be impaired upon MNF
treatment, as the redistribution of ligand-bound receptors from the cell surface to endosomal
compartment differentially regulates various signaling pathways and their associated
biological outcomes. Indeed, spatio-temporal activation of extracellular signal-regulated
kinase (ERK)-MAP kinase plays an important role in the dynamic control of complex
cellular functions [31]. Here, agonist stimulation of 3xHA-tagged GPR55-expressing
HEK293 cells led to significant increase in ERK phosphorylation levels, which was
abrogated by MNF pretreatment (Fig. 6D). Similarly, exposure of HepG2 cells to O-1602
dose-dependently increased ERK phosphorylation and MNF pretreatment blunted O-1602
responsiveness (Fig. 7A and B). As anticipated, PANC-1 cells exhibited the same behavior
as HepG2 cells and displayed comparable sensitivity to MNF (Fig. 7C and D). The
requirement of GPR55 in O-1602 signaling was assessed by performing GPR55 siRNA
knockdown experiments. The results indicated significant reduction in O-1602-mediated
ERK phosphorylation in PANC-1 cells after GPR55-specific gene silencing (Fig. 7E and F).

3.4 A Role of MNF in the Morphology and Motility of Tumor cells
The role of MNF in GPR55-mediated responses was investigated further in HepG2 and
PANC-1 cells. Cells with irregular appearance, long filipodia and lamellipodia were
observed in response to AM251 and O-1602 stimulation (Fig. 8A and C, white arrows), and
pretreatment with MNF rendered both cell lines refractory to these changes in morphology
(Fig. 8A–D).

The presence of epidermal growth factor receptor (EGFR) on filopodia has been proposed to
play a significant role in the ‘remote’ sensing of growth factors required for the regulation
and coordination of cell motility [32]. Of significance, AM251-induced increase in EGFR
expression has been implicated in greater motility and invasiveness of PANC-1 cells [30].
As shown in Fig. 8E, treatment of HepG2 and PANC-1 cells with O-1602 led to higher
EGFR levels when compared to vehicle-treated cells, and MNF blocked this effect (Fig. 8E,
lane 4 vs. 3) and that of AM251 (data not shown).

A wound-healing assay in vitro was then performed to investigate the effects of MNF on cell
motility, a well-known readout of GPR55 signaling [13, 33]. MNF (1 μM) had minimal
effect on the motility of HepG2 cells under basal conditions, a result that contrasted with its
significant inhibitory effect toward AM251-mediated increase in cell motility (Fig. 9A and
B). Depicted in Fig. 9C is the comparison of the relative reduction of the wound surface area
at the 24-h time-point between the treatment groups. Similar to its effects in HepG2 cells,
MNF also produced significant decrease in AM251-induced motility of PANC-1 cells
without impacting on their basal migration rate (Fig. 9D–F). The ability of MNF to inhibit
the wound closure evoked by O-1602 was also observed in PANC-1 cells (data not shown).
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4. Discussion
Engagement of the ‘cannabinoid-like receptor’ GPR55 triggers a number of signaling
cascades that promote cell proliferation, migration, survival and oncogenesis (reviewed in
[34]). MNF displays a number of characteristics associated with selective attenuation in
GPR55 signaling, including 1) delayed cellular entry of a fluorescent GPR55 ligand, 2)
inhibition of the internalization of the ligand-occupied GPR55, and 3) a significant reduction
in GPR55 agonist efficacy with regard to a number of biological readouts (Fig. 10).

In cellular assays, the low level of non-specific uptake of the fluorophore alone (5′-
TAMRA-PPA) makes T1117 (5′-TAMRA-PPA conjugate of AM251) suitable for in vivo
imaging approaches aimed at assessing occupancy and internalization of GPR55. The
compound T1117 has been shown previously to measure the distribution of endogenously
expressed GPR55 in small mouse arteries [19]. Here, employing the siRNA-based gene
silencing method, we confirmed that GPR55 is a key player in T1117 entry in intact cells.
Although CB2R interacts cooperatively with GPR55 to influence inflammatory responses of
neutrophils [18] pharmacological inhibition and siRNA-mediated silencing of CB2R did not
alter T1117 incorporation in HepG2 cells. However, a CB1R-dependent mechanism appears
to have contributed to some extent to T1117 uptake, as the silencing of CB1R by siRNA led
to lower cellular incorporation of the GPR55 fluorescent ligand. Both receptors trigger
distinct signaling pathways in endothelial cells [35], and our study confirmed their presence
in HepG2 and PANC-1 cells. Heterodimerization between CB1R and various GPCRs has
functional consequences on receptor trafficking and signaling [6, 36–38]. The recent
observation that GPR55 can heterodimerize with CB1R [39] led us to speculate that CB1R/
GPR55 physical interaction may have potential functional implications in promoting some
of the physiological responses of MNF.

Analysis of the data revealed that MNF significantly delayed the cellular accumulation of
T1117 in serum-depleted cells expressing endogenous levels of GPR55, suggestive of a
decrease in the binding affinity of T1117 to GPR55 and/or impairment in constitutive cell
surface GPR55 internalization and recycling pathways. In this model, O1602-bound GPR55
complexes were internalized and any residual cell surface GPR55 receptors were targeted by
MNF, making this GPCR inaccessible for efficient T1117 binding and/or internalization.
Similarly, interaction of GPR55 with AM251 may have also contributed to the observed
potency in MNF signaling. The ability of CP 55,940 to block cellular entry of T1117 was
consistent with its role as a GPR55 antagonist [11].

The stimulation of 3xHA-tagged GPR55-expressing HEK-293 cells with the atypical
cannabinoid O-1602 triggered rapid internalization of GPR55 through a MNF-inhibitable
mechanism. These and other results illustrate the in vitro potency of MNF in cells that
contain endogenous and overexpressed GPR55. GPCR desensitization and internalization
requires the participation of β-arrestin translocation to the activated receptor [40, 41]. Using
a β-arrestin translocation assay in a transient transfection format, AM251 and its clinical
analog rimonabant exhibit potent activity as GPR55 agonists [11, 42] whereas CP 55,940
blocks the formation of β-arrestin•GPR55 complexes [11]. The possibility exists that MNF
prevents the recruitment of β-arrestin to the GPR55, thereby providing a negative impact on
internalization and recycling of this GPCR after agonist exposure. In addition to its role in
the promotion of GPCR internalization, β-arrestin is required for activation of downstream
signaling (e.g., ERK activation) [43, 44]. GPR55 is thought to bind predominantly G-protein
α13, where it promotes Rho-dependent signaling in endothelial cells [35]. Additional events
downstream of GPR55 include activation of ERK and Ca2+ release from internal stores (for
review, see [45]). Here, in vitro exposure of HepG2 and PANC-1 cells to AM251 or O-1602
resulted in rapid increase in ERK phosphorylation, a process that was inhibited by cell
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pretreatment with MNF. The simplest explanation for the significant reduction in agonist-
stimulated increase in ERK phosphorylation in response to MNF is that ligand-bound
GPR55 stimulates ERK activity once the receptor is internalized. Alternatively, MNF may
interact with a putative allosteric binding site on GPR55 [46] and elicit negative modulation
of GPR55 function. These allosteric sites, which differ from agonist-binding and channel-
permeation sites, provide means to modulate, either positively or negatively, receptor
function. It is noteworthy that CB1R is believed to contain extracellular regulatory sites that
recognize small molecule ligands that are likely to regulate its cellular activity [47].
However, more work will be required to provide direct experimental evidence of MNF
binding at GPR55.

Another striking observation from our study was the cause-effect relationship between the
effect of MNF on agonist-induced ERK phosphorylation and on biological readouts,
including GPR55-dependent change in cellular morphology and cell motility. ERK has been
found to coordinate and regulate cell migration by promoting lamellipodial leading edge
movement via phosphorylation of the WAVE2 regulatory complex [48]. Here, treatment of
HepG2 and PANC-1 cells with AM251 or O-1602 led to fillipodia extension, which was
blocked by MNF pretreatment. Moreover, MNF elicited a significant reduction in the rate of
wound closure prompted by GPR55 agonists using a scratch wound-healing assay. Because
β-arrestin proteins are signaling scaffolds capable at facilitating cell migration through
segregation and reorganization of the actin cytoskeleton (reviewed in [49]), a study to
investigate the role of β-arrestin in the MNF control of GPR55 signaling will soon be
initiated in our laboratory.

As indicated earlier, MNF is characterized by a ~500-fold greater selectivity for β2-AR than
β1-AR, and yet, it exhibits off-target activities towards GPR55. A number of β2-AR ligands
have been reported to display off-target effects that cannot be explained solely by their
interactions with β2-AR. It can be assumed that characteristics of β-blocker drugs, such as
lipophilicity and hydrophilicity, the ratio of antagonist versus (partial) agonist properties,
affinity to non-β-AR receptor sites e.g., 5-HT receptors [50], strength of membrane-
stabilizing activity [51, 52], stereospecificity, and potency, all come into play when
considering nonspecific membrane effects of certain β-blockers, which are thought to derive
from the physicochemical interaction of the drugs with the cell membrane [53]. Notably, the
presence of specific chemical moieties in certain β-blockers confers unique profile of
signaling characteristics with ability to stimulate signaling pathways in a G protein-
independent, β-arrestin-dependent fashion [54, 55]. Ligands capable of interacting with two
different species of G protein-coupled receptors (GPCRs) have been synthesized [56],
giving rise to bivalent ligands of β2-AR and adenosine A1 receptor capable of generating
biphasic pattern of cAMP production in cells expressing both receptors [57]. The ability of
β2-AR to form functional heterodimeric complex with other GPCRs and elicit
transactivation of the heterocomplex can further increase the list of off-target effects evoked
by β2-AR ligands. For example, isoproterenol activates the ζ isoform of protein kinase C
(PKCζ) only in cells co-expressing oxytocin receptor and the β2-AR [58].

In conclusion, this investigation has provided the first evidence for the modulation of
GPR55-mediated signaling events by MNF, which offers the possibility that MNF will
facilitate future research on GPR55 with respect to its pleiotropic functions in normal and
pathological states.
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MNF (R,R′)-4′-methoxy-1-naphthylfenoterol

CP55 940, 3-(2-hydroxy-4-(1,1-dimethylheptyl)phenyl)-4-(3-
hydroxypropyl)cyclohexanol

AM251 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-
pyrazole-3-carboxamide

CBR cannabinoid receptor

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

rimonabant (SR141716A; N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2, 4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hydrochloride)

AM630 6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-
methoxyphenyl)methanone

β2-AR beta2 adrenoreceptor

T1117 Tocrifluor 1117

ROI region of interest

LPI L-α-lysophosphatidylinositol

WIN 55 212-2, (R)-(+)-[2,3-Dihydro-5-methyl-3-(4--
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin--6-yl]-1-
naphthalenylmethanone

EGFR EGF receptor

DIC Differential Interference Contrast
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Fig. 1. Characterization of TAMRA-PPA structure and lack of cellular internalization in HepG2
cells
A, Structure of 5′-TAMRA-3-phenylpropan-1-amine (TAMRA-PPA) and T1117. B, Mass
spectrum of TAMPRA-PPA ion, m/z equals 548.0. C, Serum-depleted HepG2 cells were
maintained on a confocal microscope stage equipped with a temperature-controlled,
humidified CO2 chamber at 37°C, and rates of cellular accumulation of T1117 (10 nM) vs.
TAMRA-PPA (20 nM) were determined in ring-shaped regions of interest (ROI) in the
cytoplasmic compartments. Plots of signal intensity vs. time were generated from defined
ROIs. Note the absence of TAMRA-PPA incorporation in cells.
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Fig. 2. Rapid and saturable incorporation of T1117 in HepG2 cells
Cellular entry of T1117 was measured on a Zeiss 710 confocal microscope with
thermoregulated chamber system for live cell imaging. A, Serum-depleted HepG2 cells were
incubated in the presence of increasing concentrations of T1117 (2.5–100 nM). Plots of
signal intensity vs. time were generated from defined ROIs. Results are from 2–3
independent experiments. B, The area under the curve (AUC) in a plot of T1117
internalization against time was obtained and plotted as bar graphs. Relative AUC data vs.
T1117 concentrations is shown, with the T1117-AUC value at 100 nM set at 1. C, The
cellular incorporation of T1117 (100 nM) was carried out in the presence of a 100× molar
excess of unlabeled AM251. Bars indicate mean ± S.D. (n=3 ROIs) from a single
experiment, which was repeated twice with comparable results. D, Representative images at
t = 15 min are shown. Bar, 30 μm. DIC, Differential Interference Contrast.
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Fig. 3. A key role for GPR55 in cellular incorporation of T1117
A, Serum-depleted HepG2 cells were pretreated with increasing concentrations of O-1602
for 30 min followed by the addition of 10 nM T1117. B, Bars represent the average T1117-
AUC ± S.D. (n=3 independent experiments). C and D, HepG2 cells seeded in 96-well plates
were serum-starved and subjected to O-1602 (C) and LPI (D) treatment at the indicated
concentrations for 30 min. Cellular incorporation of T1117 was carried out as indicated in
Material and Methods, method 2. Bars indicate mean ± S.D. of averaged T1117 ROI
intensities from 8 wells across two independent experiments. **, *** P < 0.01 and 0.001,
respectively.

Paul et al. Page 17

Biochem Pharmacol. Author manuscript; available in PMC 2015 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Key role of GPR55 in cellular incorporation of T1117
A, Serum-depleted HepG2 cells were treated with vehicle (0.01% DMSO) or CP 55,940
(0.25μM) for 30 min followed by the addition of 10 nM T1117. B, AM630 (1μM), WIN
55,212-2 (1μM). A and B, Bars indicate mean ± S.D. (n=3 ROIs) from single experiment,
which was repeated twice with comparable results. C, Expression of GPR55, β2-AR and
GAPDH mRNA was determined by semi-quantitative PCR analysis in PANC-1 (lane 1) and
HepG2 (lane 2) cells. Water control is shown in lane 3. M, size markers. D, PANC-1 cells
were treated with non-silencing control siRNA (crtl) or GPR55 siRNA oligos for 48 h.
Levels of GPR55 were determined in cell lysates by Western blotting and normalized to β-
actin. Upper panel, representative immunoblot; Lower panel, Bars represent the mean ±
SEM from three independent experiments, each performed in duplicate dishes. **, P < 0.05.
E, PANC-1 cells transfected for 48 h with control (crtl) and GPR55 siRNAs were serum-
starved for 3 h followed by the addition of 10 nM T1117. Plots of signal intensity vs. time
were generated from defined ROIs. Bars indicate mean ± S.E.M. of 3 independent
experiments, each performed with 3–4 ROIs. F, Relative T1117-AUC data in PANC-1 cells
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with control siRNA values set at 1. G, HepG2 cells were transfected with siRNA oligos
either against CB1R, CB2R or GPR55 or the non-silencing siRNA control for 48 h. Cells
were maintained in serum-free medium for 3 h followed by the addition of 10 nM T1117.
Plots of signal intensity vs. time were generated from defined ROIs. Bars indicate mean ±
S.E.M. of 3 independent experiments, each performed with 3–4 ROIs. H, Relative T1117-
AUC data in HepG2 cells with control siRNA values set at 1. *, *** P < 0.05 and 0.001,
respectively.
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Fig. 5. Effect of MNF on cellular uptake of T1117
A, Dose-response study of MNF (10nM–10μM) was carried out in serum-depleted HepG2
cells incubated with 10 nM T1117. Each datapoint represents the mean ± S.E.M. of T1117-
AUC data normalized to DMSO controls (n=3 experiments). B–D, Serum-depleted HepG2
(B) and PANC-1 (C) cells were pretreated with vehicle or MNF (1 μM) for 30 min followed
by the addition of 10 nM T1117. Plots of signal intensity vs. time were generated from
defined ROIs. D, Bars represent the mean ± S.E.M. of T1117-AUC data normalized to the
DMSO controls (n=3). ***, P < 0.001.
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Fig. 6. MNF impairs ligand-induced GPR55 internalization and signaling
HEK293 cells stably transfected with 3xHA-tagged hGPR55 vector (panel A) were serum-
starved, and then incubated with anti-HA antibody in the absence or presence of MNF (1
μM) for 45 min at 37 °C. After extensive washing, O-1602 (5 μM) was added to the cells for
20 min at 37 °C to promote GPR55 internalization. Intact cells were fixed and then
incubated with anti-rabbit Alexa Fluor 488 antibody (green) to label cell surface GPR55.
After a permeabilization step, anti-rabbit Alexa Fluor 568 antibody (red) was added to detect
intracellular GPR55. Nuclei were counterstained with DAPI (blue). Yellow indicates signal
coalescence in the merged images. Scale bar = 20 μm. C, Merged images with pixel
intensities for cell surface GPR55 (green), internalized GPR55 (red) and nuclei (blue) are
shown. D, GPR55-expressing HEK293 cells were incubated in the absence or presence of
100 nM MNF for 15 min followed by the addition of LPI (1 μM) + rimonabant (10 μM) for
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10 min. The rationale of having used two GPR55 agonists together stemmed from the recent
observation that AM251 and rimonabant are allosteric ligands of GPR55 in addition to their
capacity to modulate the LPI (ligand)-binding site through different pharmacophores [46].
The detection of phosphorylated ERK was carried out with a Perkin Elmer Alphascreen
Surefire kit and the signal normalized to total ERK levels. Rimonabant alone had no effect
on basal ERK phosphorylation levels, although the LPI response was enhanced. ***, P <
0.001 (n=3 independent experiments).
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Fig. 7. Impairment in GPR55 downstream signaling by MNF
Serum-depleted HepG2 (A, B) and PANC-1 (C, D) cells were pretreated or not in the
presence of MNF (1 μM) for 10 min followed by the addition of vehicle, O-1602 (2.5 and 10
μM), or 10% FBS for an additional 10 min. Cell lysates were prepared, separated by
reducing SDS-PAGE gel electrophoresis and immunoblotted for total and phosphoactive
forms of ERK. A and C, Representative immunoblots; B and D, Phospho-ERK1/2 bands
were normalized to total ERK2, and the O-1602-10μM values were set at 1. Data are means
of two independent dishes ± range. The migration of molecular-mass markers (values in
kilodaltons) is shown on the left of immunoblots. E and F, PANC-1 cells were transfected
with control (crtl) or GPR55 siRNA for 48 h, and then were serum-starved for 3 h. ERK1/2
phosphorylation was monitored in cell lysates from vehicle or O-1602 (10 μM)-treated cells.
E, Representative immunoblots; F, Signals associated with phospho-active ERK1/2 was
normalized to β-actin. Bars represent the mean ± SEM from three independent experiments.
*, P < 0.05.
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Fig. 8. MNF interferes with inducible changes in cell morphology and expression of EGFR
Serum-starved HepG2 (A) and PANC-1 (C) cells were pre-incubated in the presence of
DMSO (0.1%) or MNF (1 μM) for 30 min followed by the addition of AM251 (5 μM) or
O-1602 (5 μM) for 16 h. Unstimulated PANC-1 cells displayed cuboidal morphology with
and without MNF. White arrows show individual cells with filopodia. B and D, Bars
represent the average number of cells with filipodia per ‘frame’ ± SEM (n=16). Each frame
contained an average of 50 and 15 cells for HepG2 and PANC-1 cells, respectively. **, ***
P < 0.01 and 0.001. E, Cell lysates were prepared from similar experiments and
immunoblotted for EGFR. The membranes were reprobed for Hsp90, which served as a
loading control.
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Fig. 9. MNF inhibits ligand-induced motility of HepG2 and PANC-1 cells in a wound-healing
assay
Confluent HepG2 (A, B, C) and PANC-1 (D, E, F) cells were subjected to scratch wound as
described in Materials and Methods. Cells were incubated in the presence of DMSO (0.1%)
or the GPR55 agonist AM251 (1 μM) for 30 min, followed by the addition of MNF (1 μM)
where indicated. Images were captured at various time-points. B and E, The relative wound
surface area was measured over time and plotted, and values at time 0 were set at 1. C and F,
The relative wound surface area of four independent observations at the 24-h time point is
plotted. *, *** P < 0.05 and 0.001.
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Fig. 10. Schematic diagram of the modulation of GPR55 signaling
Binding of agonists, such as LPI and O-1602, elicits the activation of GPR55 and its
downstream signaling cascade ultimately resulting in increased cancer cell motility. Cell
treatment with (R,R′)-MNF has the capacity to inhibit the pro-oncogenic activity of GPR55.
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Table 2

Sequences of oligonucleotide primers.

Gene of interest Primer sequences

β2-AR F: 5′-CATGTCTCTCATCGTCCTGGCCA-3′
R: 5′-CACGATGGAAGAGGCAATGGCA-3′

GPR55 F: 5′-GTCCCCCTTCCCGTCCCTGTG-3′
R: 5′-GCTGGCTGCGATGCTGTAGATGC-3′

GAPDH F: 5′-ACCACAGTCCATGCCATC-3′
R: 5′-TCCACCACCCTGTTGCTG-3′
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