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Abstract

CB; cannabinoid receptors (CB1R) are one of the most abundantly expressed G protein coupled
receptors (GPCR) in the CNS and regulate diverse neuronal functions. The identification of GPCR
interacting proteins has provided additional insight into the fine-tuning and regulation of
numerous GPCRs. The Cannabinoid Receptor Interacting Protein 1a (CRIP1a) binds to the distal
carboxy terminus of CB1R, and has been shown to alter CB;R-mediated neuronal function [1].
The mechanisms by which CRIP1a regulates CB1R activity have not yet been identified; therefore
the focus of this investigation is to examine the cellular effects of CRIP1a on CB4R signaling
using neuronal N18TG2 cells stably transfected with CRIP1a over-expressing and CRIP1a
knockdown constructs. Modulation of endogenous CRIP1a expression did not alter total levels of
CB1R, ERK, or forskolin-activated adenylyl cyclase activity. When compared to WT cells,
CRIP1a over-expression reduced basal phosphoERK levels, whereas depletion of CRIP1a
augmented basal phosphoERK levels. Stimulation of phosphoERK by the CB1R agonists
WIN55212-2, CP55940 or methanandamide was unaltered in CRIP1a over-expressing clones
compared with WT. However, CRIP1a knockdown clones exhibited enhanced ERK
phosphorylation efficacy in response to CP55940. In addition, CRIP1a knockdown clones
displayed a leftward shift in CP55940-mediated inhibition of forskolin-stimulated cCAMP
accumulation. CBR-mediated Gj3 and G, activation by CP99540 was attenuated by CRIP1a over-
expression, but robustly enhanced in cells depleted of CRIP1a. Conversely, CP55940-mediated
Gi1 and Gj, activation was significant enhanced in cells over-expressing CRIP1a, but not in cells
deficient of CRIP1a. These studies suggest a mechanism by which endogenous levels of CRIP1a
modulate CB,R-mediated signal transduction by facilitating a Gj;o-protein subtype preference for
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Gi1 and Gjp, accompanied by an overall suppression of G-protein-mediated signaling in neuronal
cells.
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1. Introduction

The CB; cannabinoid receptor (CB1R) belongs to the class A rhodopsin-like G protein
coupled receptor (GPCR) family. CBRs display highest expression in the nervous systems
[2-4], where they have been implicated in numerous physiological processes, including but
not limited to energy balance, neuroprotection, pain, and cellular differentiation and
proliferation [5]. Based on the location and function of CB1Rs in the CNS, it is no surprise
that CB1Rs provide a potentially promising therapeutic target for a diverse number of
diseases and disorders [6]; however, the clinical utility and success of CB4R therapeutic
agents has been impeded as a result of untoward side-effect profiles.

CB1R signaling is mediated by pertussis toxin-sensitive Gj,o proteins, and leads to inhibition
of adenylyl cyclase (AC), regulation of ion channels, induction of immediate early gene
expression, and activation of members of the mitogen-activated protein kinase (MAPK)
family including extra-cellular regulated kinase 1/2 (ERK1/2) [7]. Studies using peptides
mimicking specific regions of CB1R’s C-terminus or intracellular loop 3 have demonstrated
a preference in binding of specific G proteins to different regions of CB1R. Gaj; and Gaip
have been reported to interact with the third intracellular loop of CB1R [8,9], whereas Gais
and Gag primarily interact with the juxtamembrane C-tail domain [8] of CB1R.
Additionally, specificity in G protein activation appears to occur in a ligand-dependent
manner [10], suggesting that upon binding, CB1R ligands can induce differences in receptor
conformational changes, which can lead to the coupling and activation of specific G protein
subtypes.

The GPCR C-terminal tail is a major site for protein-protein interactions, and although G
protein binding is a key component in GPCR signaling, it is now well appreciated that other
modulatory proteins are involved in receptor activity-dependent and G protein selective
signaling [11,12]. The cannabinoid receptor interacting protein (CRIP1a), which binds to the
distal C-terminal tail of CB1R, was initially characterized for its ability to reverse CB1R-
mediated tonic inhibition of Ca2* channels in superior cervical ganglion neurons [1]. Studies
using a cell culture model of glutamate neurotoxicity in primary neuronal cortical neurons,
showed that lentiviral over-expression of CRIP1a reversed CB1R-mediated neuroprotection
from an agonist- to antagonist-driven mechanism [13]. However, the underlying mechanism
responsible for this modification of CB4R ligand-mediated neuroprotection is unknown.

To explore the emerging roles of CRIP1a in regulating CB1R, our laboratory developed
CRIP1a gain and loss of function transgenic neuronal clones, and reported preliminary

observations of alterations in agonist-promoted CB1R activation and internalization by

CRIP1a [14,15]. In the present study, we determined the effect of CRIP1a on CB4R
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signaling and the associated downstream consequences on cellular function. Both CRIP1a
over-expression and RNA interference-induced CRIP1a knockdown were examined in
stably-transfected clones of the N18TG2 neuronal cell line, which endogenously expresses
both CB1R and CRIP1a. The focus was on CB;R-Gaj,-mediated inhibition of cAMP
production and GBy-mediated MAPK activation. Herein we demonstrate that CRIP1a
functions as a negative modulator of CB1R cellular signaling, as depletion of CRIP1a
increased the interaction with Gj3 and G, subtypes, increased the potency of CB4R agonists
to inhibit forskolin-stimulated cCAMP accumulation, and enhanced the efficacy of CB;R
agonist-stimulated ERK phosphorylation. These studies suggest a role for CRIP1a in CB{R
signaling and modulation of agonist-mediated G protein coupling.

2. Materials and Methods

2.1. Cell culture and generation of stable neuronal CRIP1a transgenic clones

N18TG2 neuroblastoma cells and stable clones were cultured and maintained in complete
media containing Dulbecco’s Modified Eagle’s Medium (DMEM):Ham’s F-12 (1:1) with
GlutaMax, sodium bicarbonate, and pyridoxine-HCI, supplemented with penicillin (100
units/ml) and streptomycin (100 pg/ml) (Gibco Life Technologies, Gaithersburg, MD, USA)
and 10% heat-inactivated bovine serum (JRH Biosciences, Lenexa, KS, USA), and
incubated at 37°C in a humidified atmosphere containing 95% air and 5% carbon dioxide.

For creation of stable CRIP1a over-expressing and knockdown clones, mouse N18TG2 cells
(passage 23) were grown to 90% confluency and then transfected with either a pcDNA3.1-
CRIP1a mouse cDNA plasmid for over-expression, or an siRNA-CRIP1a plasmid for
knockdown, using Lipofectamine 2000 (Life Technologies, Grand Island, NY, USA). The
siRNA-CRIP1a target sequences were selected by the siRNA target finder program on the
GenScript website (https://www.genscript.com/ssl-bin/app/rnai) using the mRNA sequence
NM_029861 (mouse Cnrpl mRNA). Two different SIRNA-CRIP1a transcripts were created
(pPRNATIN-H1.2-GGATCCCATTTCCATT GGT GGTGTC CTTACTCGAGA,; pRNATIn-
H1.2-GGATCCCATTACCA CAAGCGAGAC CATTAC TCGAGA), and each was
individually tested for knockdown efficiency. An empty pcDNA3.1 or pPRNATin-H1.2
vector was used as a Control for CRIP1a over-expression or sSiRNA-CRIP1a knockdown,
respectively. To generate stable CRIP1a N18TG2 cell lines, G418-resistent single colonies
were isolated and expanded in selection media containing 600 pg/ml G418 (Gibco Life
Technologies, Gaithersburg, MD, USA), and were maintained in 200 pg/ml G418.

CRIP1a and CB1R expression in transgenic clones was determined using quantitative real-
time polymerase chain reaction (qQPCR). N18TG2 wild-type (WT) and CRIP1a over-
expressing (XS) and knockdown (KD) clones were grown to 90% confluency and harvested
with PBS-EDTA (2.7 mM KCI, 138 mM NaCl, 10.4 mM glucose, 1.5 mM KH,POy4, 8 MM
NayHPO,, 0.625 mM EDTA, pH 7.4). Cells were pelleted at 1,000 x g at 4°C for 5 min and
total RNA was isolated and purified using an RNeasy Mini Kit (Qiagen, Germantown, MD,
USA). RNA quantification and purity was determined with a 260/280 = 2.0 and 260/230 =
1.8 absorbance ratio (NanoDrop 1000 Spectrophotometer, Thermo Scientific). Total RNA (1
ug) was reverse transcribed into cDNA using a High-Capacity cDNA Archive Kit (Applied
Biosystems, Grand Island, NY, USA). Real-time gPCR was performed in triplicate for each
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sample using TagMan Universal PCR Master Mix and specific TagMan primer-probe assay
sets (Applied Biosystems, Grand Island, NY, USA) for the following genes: 18s ribosomal
RNA, neuron-specific enolase 2 (eno2), CB, cannabinoid receptor (cnrl), and CRIP1a
(cnripl). Data were analyzed using the AACT method and eno2 served as the reference
standard.

Because N18TG2 cells can produce 2-arachidonoylglycerol (2-AG) [16], cells at 90%
confluency were serum-starved (18 h) and pretreated with the diacylglycerol lipase (DAGL)
inhibitor THL (1 pM, 2 h) prior to stimulation with cannabinoid agonists. For drug treatment
assays, an aliquot of cannabinoid drug stock (stored at —20°C as 10 mM solutions in
ethanol) or ethanol (control) were air-dried under sterile conditions in trimethylsilyl-coated
glass test tubes, resuspended in100 volumes of 5 mg/ml fatty acid-free bovine serum
albumin (BSA) and serially diluted before being added to cells. Where indicated, N18TG2
WT or CRIP1a XS or CRIP1a KD cells were pretreated with receptor antagonists or other
inhibitors prior to addition of CB4R agonists.

2.2. Whole cell lysates and NP-40-soluble and insoluble membrane fractions

For whole cell protein analyses of N18TG2 clones, cells were harvested with PBS-EDTA
and cell pellets were resuspended for 30 min on ice in cold Lysis Buffer (50 mM Tris-HCI,
pH 7.2, 2 mM EDTA, 0.35 mM NP-40, and a protease inhibitor cocktail (EMD Biosciences,
La Jolla, CA, USA). Whole cell detergent lysates were centrifuged at 2,500 x g at 4°C for 5
min to remove debris, and the supernatants were collected for protein determinations (BCA
assay, Pierce, Rockford, IL, USA).

To prepare detergent-solubilized membrane fractions, cells grown to sub-confluency (~80%)
were harvested with PBS-EDTA, and cell pellets were resuspended for 20 min on ice in cold
hypotonic swelling buffer (20 mM HEPES (pH 7.4), 10 mM KClI, 1.5 mM MgCl,, 1 mM
EDTA, 1 mM EGTA, 1 mM dithiothreitol (DTT) and a protease inhibitor cocktail (EMD
Biosciences, La Jolla, CA, USA). Cells were subjected to 20 strokes with a dounce
homogenizer, and homogenates were centrifuged at 1,000 x g for 10 min at 4°C to remove
cellular debris and unbroken cells. Supernatants were centrifuged at 40,000 x g for 1h at
4°C, and the membrane pellet was resuspended with a 25 G needle in ice cold Lysis Buffer,
and incubated on ice for 20 min. NP-40-solubilized membranes were centrifuged at 2,500 x
g for 10 min at 4°C, and NP-40-soluble membranes (supernatant) were used to determine
protein using the BCA assay. The NP-40-resistant fractions (pellets) were resuspended in the
same volume of Laemmli buffer to allow for volume-to-volume equivalence in the Western
blot analysis.

2.3. Immunoblot analysis

Samples were denatured and reduced in Laemmli sample buffer (62.5 mM Tris-HCI, pH 6.8,
2% SDS, 10% glycerol, 0.002% bromophenol blue, 710 mM B-mercaptoethanol; 65 °C for
10 min), and then resolved on 4-20% gradient SDS-PAGE gels (Bio-Rad, Hercules, CA,
USA) at 150 volts for 1 h at 21-23°C. Proteins were transferred to nitrocellulose membranes
in Towbin’s buffer at 85 volts for 45 min at 4°C using a BioRad Trans-Blot Cell with an ice
pack. Blots were rinsed for 5 min with phosphate-buffered saline (PBS: 1.5 mM KHyPOy,
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2.7 mM KCI, 8 mM NayHPOy4, 150 mM NaCl, pH 7.4), blocked for 60 min with blocking
buffer (LI-COR Biosciences, Lincoln, NE, USA), and then incubated with primary
antibodies at 4°C for 18 h: CB4R (1:750), CRIP1a D20 (1:500) [17], CRIP1la K-12 (1:500),
B-actin (1:600), B-arrestin-1/2 (1:500), caveolin-1 (1:500), Na*/K*-ATPase (1:500) (Santa
Cruz Biotechnology, Paso Rables, CA, USA). Blots were washed four times with PBST
(PBS containing 0.1% Tween-20), incubated with an appropriate IRDye-conjugated
secondary antibody (1:10,000) for 1 h at 21-23°C, and washed three times with PBST
followed by one wash with PBS. Bands on immunoblots were imaged and quantified by
densitometry using Odyssey Infrared Imaging System software (L1-COR Biosciences,
Lincoln, NE, USA).

2.4. Immunocytochemistry determination of protein levels

Total CB1R, CRIP1a, ERK1/2, and phosphoERK1/2 protein levels were quantified using a
96-well format “In-cell-Western” immunocytochemistry technique [18]. N18TG2 WT,
Control vector, CRIP1a XS and CRIP1a KD cells were seeded at a density of 30,000 cells
per well, grown until 90% confluent, serum-starved for 16 h and pretreated with 1 uM THL
for 2 h prior to stimulation with cannabinoid agonists. Cells were treated with vehicle, 10
nM CP55940, 10 nM WIN55212-2, 10 nM mAEA (R-(+)-methanandamide), or 10 nM
SR141716A at 37°C for the indicated times. Drug-containing media was immediately
poured off, and plates were placed on ice. Cells were fixed with ice-cold 4% phosphate-
buffered formalin (1.5 mM KH,POy, 2.7 mM KCI, 8 mM NayHPO4, 150 mM NaCl; 4%
formaldehyde (v/v), pH 7.4), incubated for 15 min at 21-23°C, permeabilized with PBST
(PBS containing 0.3% triton X-100) for 15 min, and blocked for 90 min in Odyssey
blocking buffer (LI-COR Biosciences, Lincoln, NE, USA). Plates were incubated with
gentle rocking at 4°C for 18 h with a primary antibody: CB4R (1:800), CRIP1a D20 (1:500)
[17], CRIP1la K-12 (1:500), GAPDH (1:500), ERK2 (1:500), phosphoERK (Thr 202, Tyr
204; 1:300) (Santa Cruz Biotechnology, Paso Robles, CA, USA). Plates were washed in
PBST, and incubated simultaneously for 1 h with a secondary IRDye 800CW donkey anti-
goat (1:800), IRDye 800CW goat anti-rabbit (1:800), or IRDye 800CW donkey anti-mouse
(1:800) (LI-COR Biosciences, Lincoln, NE, USA). The nuclear stain DRAQ5 (1:5,000)
(Cell Signaling, Danvers, MA, USA) was used to normalize for well-to-well variations in
cell density. Plates were washed four times with PBST, and immunofluorescence was
imaged using the LI-COR Odyssey (169 W resolution, 5 sensitivity, 4.01235 mm offset,
medium quality). Basal expression for CB1R, CRIP1a, and phosphoERK was calculated as
the ratio of immunoreactive CB1R:DRAQS5, CRIP1a:DRAQS5, or phosphoERK1/2:total
ERK, respectively. CP55940-stimulated log dose response curves for CB,R-mediated
phosphoERK were determined as the ratio of phosphoERK1/2:total ERK, and then ratios
were quantified as percent change relative to basal expressed as 100% for WT cells.
Changes in CB;R, CRIP1a, ERK1/2, and phosphoERK protein expression were analyzed
using Microsoft Excel and GraphPad Prism 6 software.

For determination of CB1R cell surface density a 96-well format “On-cell-Western”
immunocytochemistry technique was utilized. Cells were plated and grown until 90%
confluent, serum-starved for 16 h, and then treated for 2 h with 1 uM THL to attenuate the
production of 2-AG. Cells were fixed with ice-cold 1.2% phosphate-buffered formalin (1.5
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mM KHyPQOy, 2.7 mM KCI, 8 mM NapyHPO4, 150 mM NaCl; 1.2% formaldehyde (v/v), pH
7.4) and incubated for 15 min at 21-23°C, with elimination of the permeabilization step. To
determine a concentration of formaldehyde capable of fixing cells to the micro-well plate
without altering plasma membrane permeability, the effects of various concentrations of
formaldehyde were assessed. LAMP2, a luminal endosomal marker, was used as a positive
control for determining the extent of cell permeabilization (Fig. 2A). Plates were then
subjected to the identical parameters previously described for the “In-cell-Western” assay.

2.5. CAMP assay

The assay was performed as previously described [19], but modified for a multiwell plate.
Briefly, N18TG2 WT, Control vector, CRIP1a XS, and CRIP1a knockdown cells were
seeded in a 24-well plate at a density of 120,000 cells per well and grown to 90%
confluence. Cell media was removed and washed with warm (37°C) Physiologic Saline
Solution-HEPES-BSA (145 mM NacCl, 10 mM glucose, 5 mM KCI, 1 mM MgSO,, 10 mM
HEPES, 0.5mg/ml BSA, pH7.4) then incubated with 100 uM IBMX and 100 puM rolpiram
(Caymen Chemical, Ann Arbor, MI, USA) plus either vehicle or varying concentrations (1,
3, 10, 30, 100, 300 nM) of MAEA, WIN55212-2, or CP55940 for 15 min. The assay was
initiated by adding 1 pM forskolin (Tocris Bioscience, Minneapolis, MN, USA) for 4 min.
The reaction was terminated by dropping the pH with 50 mM NaAcetate (pH 4.5) and
heating to 90°C. Cells were disrupted by a freeze-thaw cycle, sedimented, and cell-free
supernatants were collected and stored at —80°C until assayed. cAMP was quantitated using
a radioligand displacement assay based upon [3H]-cAMP (PerkinElmer, Billerica, MA,
USA) binding to protein kinase A regulatory proteins [20]. Bound proteins were aggregated
with 30% polyethelene glycol 8000 (PEG 8000), harvested on a UniFilter and quantitated
using a Top Count scintillation counter (Pac PerkinElmer, Billerica, MA, USA). The data
for each assay were normalized to forskolin-stimulated cAMP accumulation as 100%, and
statistical differences were determined by two-way analysis of variance (ANOVA) followed
by Bonferroni post-hoc analysis.

2.6. GTPyS-Binding Scintillation Proximity Assay

N18TG2 clones were subjected to GTPyS-binding reactions in triplicate in 96-well Opti-
plates (PerkinElmer, Waltham, MA, USA), as previously described [21]. Briefly cell
membranes were collected as described in section 2.2; however, following the 40,000 x g
centrifugation cell pellets were homogenized in TME buffer (20 mM Tris Cly; 5 mM
MgCly; 1 mM Tris-EDTA; 1 mM DTT; pH 7.4), subjected to BCA analysis for total protein
concentration, and then stored at —80°C. The assay was initiated by the addition of cell
membranes (5 pg protein) to the assay buffer (20 mM NaHepes, pH 7.4, 100 mM NacCl, 5
mM MgCly, and 1 mM DTT) containing 500 pM [3°S]GTPyS (PerkinElmer, Billerica, MA,
USA), 10 uM GDP and cannabinoid ligands for 1 h at 30°C. Membranes were then placed
on ice (4°C), lysed with 3% IGEPAL CA-630 for 30 min, incubated with primary antibodies
anti-Ga,, anti-Gaijq, anti-Gaip, or anti-Gajz (Santa Cruz Biotechnology, Paso Raobles, CA,
USA) for 1 h. Scintillation proximity assay beads coated with the anti-rabbit or anti-mouse
IgG (PerkinElmer, Billerica, MA, USA) were added for 30 min, and the plates were then
centrifuged at 1,000 x g for 5 min. The radioactivity was detected on a Top-Count
scintillation counter (PerkinElmer, Billerica, MA, USA). The non-specific binding was
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determined in the presence of 10 uM GTPyS. Basal values were in the absence of the
ligands. Specific GTPyS-binding (counts per minute; CPM) was determined by subtracting
non-specific activity. Agonist-stimulated values were transformed to “percent over basal”
[% = (stimulated-basal)/(basal)*100]. Statistical differences in GTP-binding parameters
were determined using two-way ANOVA and Bonferroni post-hoc analysis.

2.7. Statistical analysis

3. Results

Graphs and statistical analyses were generated using GraphPad Prism 6 software (La Jolla,
CA, USA). Data were compared and analyzed using the unpaired Student’s t-test, or as
described above. For dose-response experiments ECsq values were determined by non-linear
regression analysis. All data are expressed as the mean + SEM, and were considered
significant when the p value < 0.05.

3.1. CRIP1a influences CB4R cell surface equilibrium but not mRNA or total protein levels

In order to better understand the cellular mechanisms involved in the regulation of CB1R by
CRIP1a, we developed stable neuronal transgenic CRIP1a over-expressing (XS) and
knockdown (KD) clones in the N18TG2 cell line. Based on their CRIP1a mRNA and protein
expression, two different CRIP1a XS and KD clones were selected for the present
investigation. CRIP1a XS clones 1 and 5 express CRIP1a:CB1R mRNA levels that are 12:1
(XS 1) and 7:1 (XS 5), compared with a 1:7 ratio in WT cells (Fig. 1A). gPCR analysis of
N18TG2 CRIP1a knockdown clones showed that these cells have a significant depletion in
the MRNA levels of CRIP1a (KD 2C: 61+6%; KD 2F: 70+6%) relative to Control and
N18TG2 WT cells (Fig. 1C). N18TG2 cells stably transfected with either an empty
pcDNAS3.1 expression plasmid (XS Control) or the sSiRNA expression vector pPRNATIN-
H1.2 (KD Control) did not show any significant changes in the mRNA levels of CRIP1a.
Western blot analysis using a CRIP1a antibody, recognizing an internal (D20) or a C-
terminus (data not shown) epitope, confirmed that these transgenic CRIP1a clones have
significant alterations in CRIP1a protein levels, relative to WT controls (Fig. 1B and D). To
determine whether alterations in CRIP1a expression could change CB;R mRNA or total
protein levels we performed gPCR and immunoblotting in CRIP1a XS and KD clones.
Results from CB1R gene expression experiments revealed that over-expression (Fig. 1E) and
knockdown (Fig. 1G) of CRIP1a failed to alter CB;R mRNA levels. Furthermore,
comparison of Western immunoblot band densities between WT and CRIP1a XS (Fig. 1F)
or KD (Fig. 1H) cells show that variation in cellular CRIP1a levels did not influence total
CB1R protein levels. These findings support work from several recent publications using
stable and transient over-expression of CRIP1a, which indicated that CRIP1a had no effect
on total CB1R protein expression [1,13,17].

We next investigated the influence of CRIP1a in regulation of CB1R cell surface density.
Endogenous 2-AG has been reported to modulate CB1R internalization [22,23,24].
Therefore, to diminish contributions of endocannabinoid tone, cells were serum-starved for
16 h to remove any endocannabinoids that may be present in the serum [25], and then
treated with the diacylglycerol lipase inhibitor THL for 2 h to attenuate the production of 2-

Cell Sgnal. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Blume et al.

Page 8

AG [26]. Pretreatment with THL did not change the total or cell surface levels of CB1R
(data not shown). Cells were fixed with a concentration of formaldehyde (1.2%) that was
capable of maintaining cell attachment, but not cellular permeabilization, as determined via
immunodetection of the intracellular lysosome-associated membrane protein 2 (Fig. 2A).
Utilizing an antibody directed at the N-terminal domain of CB1R, we observed that CB1R
cell surface immunoreactivity was significantly reduced in cells that stably over-expressed
CRIP1a (XS 1: —29+6%; XS 5: —24+6%) (Fig. 2B). In contrast, knockdown of CRIP1a led
to an augmentation of CB1R surface density (KD 2C: 14+4%; KD 2F: 22+5%) (Fig. 2B). A
2 h pre-treatment with the protein synthesis inhibitor cycloheximide (50 uM) failed to alter
the observed effects on CB1R plasma membrane density in CRIP1a XS or KD cells,
suggesting that CRIP1a does not change the rates of CB41R de novo synthesis and
translocation to the plasma membrane (data not shown). We did not observe any significant
differences in CB41R surface immunoreactivity between WT and empty vector Control cells
(Fig. 2B).

Although CRIP1a is a soluble protein, its co-localization with CB4R at the plasma
membrane has been reported in HEK293 cells [1]. Previous work in human breast cancer
MDA-MB-231 cells using cholesterol-depleting agents suggested that disruption of lipid
rafts impairs autocrine signaling of CB1R’s [27]. Furthermore, in C6 glioma cells
microscopy analysis revealed a strong association between CB1R and caveolin-1, and a
requirement for lipid rafts in the regulation of CB;R signaling and internal trafficking
[28,29]. We therefore investigated whether CRIP1a over-expression or knockdown might
sequester CB1R membrane proteins into different plasma membrane microdomains (i.e.
caveolar lipid rafts), by preparing NP-40 soluble and NP-40-resistant membrane fractions
for Western blotting. In Fig. 2C the NP-40 soluble fraction contains the vast majority of the
membrane-associated CRIP1a and CB4R. It is important to note that both over-expression
and knockdown of CRIP1a can be observed in the NP-40-soluble membrane fractions.
Membrane lipid raft fractions, defined by their NP-40-resistance, the presence of caveolin-1,
and deficiency of Na*K*-ATPase, contained much less CB4R and CRIP1a relative to NP-40
soluble fractions (Fig. 2D). Overall, no discernable differences in the ratios of
CRIP1a:CB¢R were detected between caveolar-rich and caveolar-deficient membrane
fractions, indicating that the CB1R distribution in CRIP1a-modified clones is not reflected
by a disparate partitioning of CRIP1a or CB4R into plasma membrane microdomains.

3.2. CB1R-mediated constitutive as well as agonist-stimulated ERK phosphorylation is
modulated by CRIP1a

Initial observations of cellular signaling regulation by CRIP1a indicated that exogenously
expressed CRIP1a suppressed the constitutive activity of CB41R to release GBy and inhibit
Ca?* channels [1]. We utilized the In-cell-Western immunocytochemical technique to assess
CRIP1a-related changes in phosphoERK1/2 (Thr202, Tyr204) after blocking endogenous 2-
AG production. Under basal conditions (non-ligand dependent), levels of ERK1/2
phosphorylation were significantly reduced in CRIP1a XS clones (XS 1, -16+5%; XS 5,
—-20+6%) compared to WT cells (Fig. 3A). In contrast, knockdown of CRIP1a augmented
basal phosphoERK1/2 levels (KD 2C, 13+5%; KD 2F, 27+8%). A 5-min treatment with the
CB; antagonist/inverse agonist SR141716A (10 nM) reduced basal levels of
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phosphoERK1/2 in WT and Control cells, consistent with the definition of CB;R-mediated
constitutive signaling (WT, —17+4%; Control, —20+6%) (Fig. 3B). However, CRIP1a XS
clones were insensitive to the CB1R inverse agonist SR141716A (10 nM), suggesting the
absence of non-ligand dependent constitutive CB;R activity (Fig. 3B). In contrast, KD cells
deficient in CRIP1a displayed an enhancement in SR141716A-reversible constitutive
phosphoERK1/2 compared with WT and Control cells.

As seen in Fig. 4, a 5-min incubation with the CB; full agonist WIN55212-2 or CP55940
resulted in a robust enhancement in phosphoERK1/2 levels in WT cells (WIN55212-2,
36+5%; CP55940, 45+6%). mAEA, a CB1R partial agonist, modestly increased (12+2%)
ERK phosphorylation to a level that was ~30% of the response observed with a CB{R full
agonist (Fig. 4). Under these same agonist-stimulated conditions, no differences were
observed between Control cells and cells over-expressing CRIP1a (Fig. 4A). However,
depletion of CRIP1a caused a significant increase in CP55940-stimulated maximal ERK1/2
phosphorylation when compared with WT cells (CP55940: KD2C, 63+8%; KD2F, 59+4%)
(Fig. 4B). This increase was ligand-selective, as it was not observed with WIN55212-2 or
mAEA.

To identify the mechanism for the influence of CRIP1a on agonist-stimulated activity, we
examined CP55940 concentration-response relationships. In WT and Control cells, CP55940
treatment led to a dose-dependent increase in phosphoERK1/2 levels that peaked at 10 nM
(Emax: WT =57+6%; Control = 55£7%) (Fig. 5A and B). This effect was mediated by the
CB1R, as it was completely abolished by concurrent treatment with 1 uM SR141716A (Fig.
5C and D). CRIP1a XS cells exhibited a comparable concentration-dependent increase in
CP55940-stimulated phosphoERK1/2, which was completely blocked by SR141716A (Fig.
5A and C). In contrast, CRIP1a KD cells showed an enhancement in maximal CP55940-
stimulated ERK1/2 phosphorylation (10 nM: KD2C = 68+4%; KD2F = 73+£5%: 100 nM:
KD2C = 58+5%; KD2F = 62+6%) when compared with WT (10 nM: 55+6%) (Fig. 5B). A
two-way ANOVA revealed a significant main effect of both the CP55940 treatment
(F4,00=149.5, p<0.01), and the cell line (F5 9p=6.56, p<0.01). Post-hoc Bonferroni analysis
indicated that CRIP1a KD cells exhibited an increase in phosphoERK1/2 levels at the 10
and 100 nM concentrations as compared to WT and Control cells. Pretreatment with
SR141716A eliminated CP55940-stimulated phosphoERK1/2, confirming that a CB1R-
mediated signaling mechanism was involved (Fig. 5D).

WT and CRIP1a-XS and KD cells exposed to 10 nM CP55940 showed a rapid increase in
the levels of phosphoERK1/2 within 5 min, before declining and reaching a sustained
plateau level just above basal (Fig. 6A and B). This 3-phase response is in alignment with a
previously published report [30]. No significant difference between WT and CRIP1a-XS
cells was observed. In Fig. 6B, CRIP1a KD cells displayed a time-dependent enhancement
in CP55940-stimulated phosphoERK1/2 levels. A two-way ANOVA revealed a significant
main effect of time (F15 78=35.6, p<0.05), and the cell line (F5 99=9.8, p<0.05). Post-hoc
Bonferroni analysis indicated an increase in CP55940-stimulated phosphoERK1/2 levels at
5, 10, and 15 min in CRIP1a KD cells compared to WT and Control (data not shown) cells.
Preincubation with the dynamin inhibitor Dynasore completely blocked CP55940-stimulated
phosphorylation of ERK1/2 by CB1R (Fig. 6A and B), suggesting that for WT, CRIP1a-XS
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and KD clones, agonist-stimulated ERK phosphorylation is an internalization-dependent
signaling process.

3.3. CB1R-mediated inhibition of cAMP accumulation is potentiated by CRIP1a knockdown

To determine cAMP levels in intact N18TG2 cells, we treated cells with the adenylyl
cyclase activator forskolin (1uM) in the presence or absence of CB4R agonists for a
maximum of 4 min (prior to heterologous desensitization). Comparisons indicated that basal
levels of cCAMP between WT, Control, CRIP1a XS, or CRIP1a KD clones were not
significantly different (Fig. 7A). Additionally, forskolin was able to stimulate cCAMP
accumulation over vehicle to the same extent in all cell lines tested (Fig. 7A). However,
CRIP1a clones did displayed changes in CB1R-mediated regulation of cAMP accumulation,
which occurred in an agonist selectivity manner. We observed a concentration-dependent
attenuation in cAMP accumulation by the endogenous agonist analog mAEA, and this effect
was not altered by differences in the expression of CRIP1a (Fig. 7B). Forskolin-stimulated
cAMP was robustly inhibited by WIN55212-2 in a concentration-dependent manner in WT
(ECs0 = 3.7 nM, 95% CI [1.5, 5.3]) and Control cells (ECsg = 6.4 nM, 95% CI [5.2, 7.9])
(Fig. 7C). Over-expression of CRIP1a did not alter WIN5521-2-mediated inhibition of
cAMP accumulation at any doses tested (ECsg = 4.7 nM, 95% CI [4.1, 7.5]) (Fig. 7C).
Although not statistically significant, we observed a trend toward a leftward shift in the
concentration-dependent inhibition of cAMP accumulation by WIN55212-2 in CRIP1a KD
cells (ECsg =1 nM, 95% CI [0.5, 2.3]). CRIP1a knockdown (ECgq = 0.2 nM, 95% CI [0.09,
2.5]), but not CRIP1a over-expression (ECsq = 1.6 nM, 95% CI [0.02, 2.9]), was able to
dose-dependently enhance the attenuation of cAMP accumulation by treatment with
CP55940, compared with WT cells (ECgg = 3.4 nM, 95% CI [0.9, 8.2]). A two-way
ANOVA revealed a significant main effect of CP55940 concentration (Fg 114=3.9, p<0.05),
and the cell line (F3 114=4.3, p<0.05). These data reveal that depletion of CRIP1a increases
the relative potency of CP55940 to induce CB1R-mediated inhibition of cAMP
accumulation of forskolin-stimulated cAMP formation. Together, these studies suggest that
CRIP1a can function to negatively modulate CB1R function in a ligand-specific manner.

3.4. CRIP1a modulates G protein selectivity of CB1R signaling

Because coupling to both adenylyl cyclase and ERK phosphorylation is initiated by
activation of pertussis toxin-sensitive Gjjo proteins by the [31,32], we tested the effect of
CRIP1a over-expression and knockdown on CB4R agonist-promoted G protein activation.
Using a scintillation proximity assay for [3°S]GTPyS-binding, we determined the coupling
of CB4R with different Ga subunits in cell membranes treated with either 100 nM CP55940
or SR141716A, or with CP55940 together with SR141716A. CP55940 stimulated
[35S]GTPyS binding to Gajz in WT (79+18% over basal) and Control clones (62+21% over
basal), which was absent during co-incubation with SR141716A (Fig. 8A), providing
support for a CB1R-mediated mechanism. SR141716A acted as an inverse agonist to reverse
constitutive CB1R-mediated Gajs activation in WT (-41+6% relative to basal) and Control
(—43£8%) cells, a finding that is consistent with the definition of constitutively active CB;
receptors. Over-expression of CRIP1a attenuated CP55940-stimulated [3°S]GTPyS binding
to Gajz (10£12% over basal), whereas depletion of CRIP1a significantly increased CB{R-
mediated activation of Gajz (103+22% over basal) (Fig. 8A). CRIP1a XS cells were
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resistant to SR141716A-mediated attenuation of the Gaij3 constitutive activation (Fig. 8A),
whereas the inverse agonist response to SR141716A in CRIP1a KD cells (54+7% below
basal) was similar to WT and Control cells. WT cell membranes treated with CP55940
showed a robust enhancement in [3°S]GTPyS binding to Ga, (49+9% over basal) (Fig. 8B).
This agonist stimulation was blocked in CRIP1a XS cells (4+3% over basal), and
significantly augmented in CRIP1a KD cells (79+21% over basal) (Fig. 8B). CP55940-
promoted coupling between Ga, and CB1R was attenuated by SR141716A in all cell lines.
SR141716A alone decreased constitutive binding of [3°S]GTPYS to Ga, in WT (30+5%
below basal) and Control cells (17+13% below basal) (Fig. 7B). However, over-expression
of CRIP1a attenuated and knockdown of CRIP1a augmented (43+5% below basal) the
inverse agonist response to SR141716A for Gay,.

To test the idea that CRIP1a might alter G protein bias toward a Gj1/» mechanism, we
examined the ability of CP55940 to stimulate [3S]GTPyS binding to Gaj; and Gaijp. We
observed no differences in the binding of Gaj; or Gajp to CB4R following CP55940-
treatment in WT, Control or CRIP1a KD cells (Fig. 8C and D). However, a robust
stimulation of [3*S]GTPyS binding to Gaj; (128+54% above basal) or Gajp (753+316%
above basal) occurred in response to CP55940 in CRIP1a XS cells (Fig. 8C). This response
was reversed by co-incubation of CP55940 with SR141716A. No significant SR141716A-
reversable constitutive activity was observed with these G; proteins. Overall these
experiments indicate that CRIP1a can disrupt CB1R-Gj3/o coupling, and can promote a
switch to Gjy/» coupling.

Discussion

In addition to direct stimulation of the receptor by agonists, signaling by CB1R can be
further modified by accessory proteins, such as p-arrestin, G protein Associated Sorting
Proteins (GASP), and CRIP1a [11,12,15]. CRIP1a was initially characterized for its ability
to bind to a segment of the distal C-terminal of the CB4R [1]. Following that report, studies
of retinal circuitry showed that CRIP1a could be found in amacrine cells, and in certain cone
(but not rod) terminals [33]. The CB1R-CRIP1a presynaptic co-localization was juxtaposed
across from postsynaptic diacylglycerol lipase at photoreceptor/Typel OFF cone-bipolar cell
synapses. These findings suggest selectivity based upon limited co-expression (not all cells
express both CB1R and CRIP1a proteins concurrently), but also functional relevance in that
both proteins are found in the presynaptic terminals close to the source of agonist ligand
production. We previously provided evidence that experimental depletion of CB;1R by RNA
interference in dorsal striatal neurons was associated with an increase in expression of
CRIP1a [17]. This finding leads to speculation that a heterologous compensatory mechanism
might be occurring in either the same or neighboring CB1R-expressing neurons (note that
both D1- and D2-dopamine receptor-expressing medium spiny neurons, as well as some
interneuron types, express CB1R in the dorsal striatum [34]). Although these studies lend
support to the concept that the association of CRIP1a and CB1R results in some functional
dynamic, the nature of that function has not yet been established.

The initial function reported for CRIP1a was the ability of heterologously expressed CRIP1a
to attenuate constitutive inhibition of N-type Ca2* channels by exogenously expressed CB{R
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in superior cervical ganglion neurons [1]. Enthusiasm for this finding was tempered by the
observation that there was no apparent change in agonist-induced inhibition of N-type Ca?*
channels [1]. Our laboratories decided to investigate the role of CRIP1a in CB4R cellular
signaling using a model neuronal cell line in which CB4R function has been highly
characterized [11]. This cell line exhibits many neuronal properties, including neuropeptide
synthesis, cellular signaling responses to several neuropeptides, and the appearance of
neurons (soma plus extensions) that can be quantified as a measure of neuronal
differentiation in culture [35]. The N18TG2 cell endogenously expresses CRIP1a, which
makes this cell a prototype for a neuron that co-expresses both CB1R and CRIP1a such that
functional interactions between these two proteins can be examined under natively
expressed conditions. Therefore, we created both CRIP1a loss and gain of function clones in
the N18TG2 cell line in order to understand the role of CRIP1a in regulating cellular
signaling processes.

One pertinent observation from comparing CRIP1a cell clones with WT and appropriate
empty-vector Controls that express endogenously relevant CRIP1a levels, is that the CB1R
levels at the plasma membrane are reduced in cells over-expressing CRIP1a, and increased
in cells depleted of CRIP1a. These findings were determined using a quantitative On-cell-
Western immunocytochemical assay that detects extracellular plasma membrane surface
protein levels using an N-terminal epitope, as well as in the cell membrane fractions. This
dys-equilibrium in plasma membrane receptor levels might suggest a role for CRIP1a in
either chaperoning or delivery of CB4R to the plasma membrane, and/or removal of CB1R
from the plasma membrane. Our data demonstrate that neither gene expression nor total
cellular protein levels of CB1R are altered by changing the level of CRIP1a expression, and
that protein synthesis inhibition does not change CB1R plasma membrane density in CRIP1a
XS or KD cells. Using stable and transient over-expression of CRIP1a, other laboratories
and us have shown that CRIP1a had no effect on total CB4R protein expression using other
models [1,13,17]. These findings suggest that plasma membrane CRIP1a localization is not
dependent on CB4R de novo synthesis. Alternatively, it is plausible that CRIP1a could
influence the rates of CB4R translocation to, or removal from the plasma membrane. CB1R
is required for presynaptic regulation of neurotransmitter release at the synapse [36]. To
accommodate that function, kinetics of CB4R plasma membrane localization at the soma
appears to differ from those at the presynaptic terminals [22,37]. Of interest, constitutive
internalization is a property of neuronal CB1R [22,23], but whether it is driven as an
autocrine or paracrine function of endocannabinoid tone has not been determined.
Nevertheless, studies are underway in our laboratory to investigate the role of CRIP1a in
plasma membrane CB1R equilibrium.

Reduced plasma membrane CB1R levels could provide one explanation for the deficits in
basal ERK phosphorylation we observed with CRIP1a over-expression. The fraction of
plasma membrane surface CB1R levels (+/- 15% to 30%) modified over the range of
CRIP1a levels examined herein are fairly consistent with the differences in basal ERK
phosphorylation observed in these clones (+/- 15% to 30%). In contrast, there was no
apparent influence of CRIP1a levels on basal or forskolin-activated cCAMP levels. These
observations suggest that the pool of plasma membrane CB4R that participate in constitutive
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ERK phosphorylation under the negative influence of CRIP1a, are not involved in
constitutive regulation of adenylyl cyclase (type 6 isoform [38]) in N18TG2.

The influence of CRIP1a on agonist-selectivity and the kinetics of increased efficacy of the
agonist-driven ERK phosphorylation suggest that there may be alternative underlying
mechanism(s) beyond those regulating constitutive activity. Initial (phase I) agonist-driven
ERK phosphorylation by CB4R includes complex interactions with tyrosine kinase
receptors, but also regulation of non-receptor src kinases and raf, which require PKA [30].
Thus, this latter regulatory mechanism is intercalated with the CB1R-mediated inhibition of
cAMP via a Gjj,-mediated mechanism. Both CP55940-mediated inhibition of cCAMP
accumulation as well as CP55940-driven ERK phosphorylation were enhanced by the
reduction in CRIP1a levels. This would be consistent with the thought that endogenous
CRIP1a serves to dampen inhibition of cCAMP production, thus allowing PKA activity and
suppressing maximal ERK phosphorylation (perhaps by increased PKA-mediated
phosphorylation, leading to inactive src or raf).

Further evidence from the present studies suggests that additional regulation might be
occurring concomitantly: 1) both the CRIP1a KD-augmented component as well as the
agonist-driven ERK phosphorylation require a dynamin-dependent process, assumed to be
receptor internalization; and 2) the greatest effect of CRIP1a KD was on the ERK1/2
dephosphorylation (aka desensitization), a multistep process that has been shown to involve
multiple phosphatases, in phase Il of the time-course. Using a HEK cell model, Daigle et al
demonstrated that phosphorylation of the CB4R at Ser426 and Ser430 is required to initiate
this “desensitization” phase [40]. We know that phase 11 is entirely dependent upon CB1R
maintaining PKA in a low activity state, in combination with Ser/Thr PP1-PP2a phosphatase
activity, which is speculated to lead to the dephosphorylation and inactivation of MEK [30].
One possible influence of endogenous CRIP1a in phase I might be to facilitate the
dephosphorylation of MEK and/or CB4R, a process that is expected to occur after
internalization in recycling endosomes. This scenario would be consistent with the
observation that knockdown of CRIP1a enhances ERK phosphorylation downstream of
enhanced MEK phosphorylation, such as might be observed in signaling endosomes rather
than dephosphorylating recycling endosomes.

CRIP1a can influence CB¢R signaling events occurring at the plasma membrane where G
protein and GPy activation can initiate PI-3K-mediated transactivation of growth factor
receptors, a process required for maximal ERK phosphorylation in N18TG2 cells [30]. We
found that reduced CRIP1a expression in KD cells was associated with an increased
preference for Gj3 and G, interaction with CB1R. Conversely, the over-expression of
CRIP1a strongly reversed this preference so as to attenuate interactions with Gjz and G, in
favor of interactions with Gj; and Gi». It is noteworthy to mention that CB;Rs can couple to
Gaijo proteins in the absence of exogenous agonists [8,9]. Previous studies, performed using
co-immunoprecipitation of CB1R-G proteins in CHAPS detergent extracts from N18TG2
cells or brain, demonstrated that Gj3 and G, association with CB4R tends to be highly
influenced by the CB1R juxtamembrane C-terminal domain, whereas Gj; and Gj
association is influenced by 3" intracellular loop domains [8,9]. One could postulate that the
C-terminal interaction with CRIP1a might influence this protein-protein association via
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direct steric hindrance, or by interactions with other proteins in a complex that precludes
interaction with Gjz and G,,

The switch in Gj/, subtype preference might have relevance to cellular signal transduction
selectivity. Previous investigations demonstrated that different agonist ligands could disrupt
the equilibrium in the association of the CB1R with different G proteins [10]. For example,
WIN55212-2 could promote the dissociation of Gj;, Gjo and Gjsz from the
immunoprecipitated CB1R, i.e., serving as a full agonist. In contrast, methanandamide was
able to promote dissociation of only Gjs, consistent with its behavior as a partial agonist.
Our current data support the idea that CRIP1a can influence selectivity by biasing the G
protein-CB4R pool.

Although beyond the scope of this study, it seems probable that CRIP1a could regulate other
GPCRs in addition to CB4R from which its name was derived. The minimal requirement for
binding to a sequence at the distal C-terminal of the CB1R that has relatively limited
homology with other GPCRs might limit the likelihood of novel binding partners. However,
it is conceivable that the extent of the CRIP1a binding domain might include other domains
of the CB1R intracellular surface that may have greater homology with other proteins, or
that other proteins contact CRIP1a via interaction with binding sites different from that of
CB;R. Continued investigation is necessary identify the full functional capabilities of this
intriguing small CBqR-interacting protein.

5. Conclusions

The knowledge gained regarding the effects of CRIP1a on CB1R signaling demonstrates
how CB1R function and activity can be fine-tuned by accessory proteins. We determined
that reduction in CRIP1a protein levels increased CB1R agonist-stimulated Gis, protein
activation and promoted inhibition of forskolin-stimulated cAMP accumulation in
neuroblastoma cells. Depletion of CRIP1a enhanced CB;R-mediated maximal ERK
phosphorylation, a process that was abolished by blocking CB1R internalization. This loss of
function analysis suggests that one role for endogenously expressed CRIP1a may be to
promote a CB1R-Gjy/2 complex having reduced intrinsic efficacy in response to certain
agonist ligands. A complete analysis of the mechanisms involved in CRIP1a regulation of
CB1R signaling can provide additional information on how CB1R accessory proteins, and
specifically CRIP1a, modulate CB1R activity and the roles these proteins might play in
CB;R-mediated pathologies.
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Figure 1. Stable transgenic CRIP1a over-expressing (XS) and knockdown (KD) clones do not
alter CB1 receptor expression
A,C,E,G: N18TG2 WT, empty vector (Control), CRIP1a XS (A,E), and CRIP1a KD cells

(C,G) were subjected to gPCR to quantitate mRNA levels of CRIP1a (A, C) and CB4R
(E,G). AACt values are expressed as the fold-difference from WT, represented as 1.
B,D,F,H: Protein levels were determined by Western blots of whole cell lysates from
N18TG2 WT, empty vector (Control), CRIP1a XS (B,F), and CRIP1a KD cells (D,H). The
band density ratio of CRIP1a:B-actin (B,D) or CB1R:B-actin (F,H) were calculated for each
individual clone, and normalized to WT as 100%. Below, representative Western blots are
shown. Data are expressed as the mean + S.E.M. from six independent

experiments. #p<0.01, $p<0.001 indicates significant difference from WT using Student’s t
test.
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Figure 2. CRIP1a alters CB1R cell surface equilibrium
(A) On-cell-Western technique recognizes extracellular epitope of the CB1R on the plasma

membrane, but does not recognize extracellular epitopes within internalized vesicles. N18
WT cells were plated and grown until 90% confluent in a 96-well plate, serum-starved for
16 h, and then treated for 2 h with 1 uM THL to attenuate the production of 2-AG. Cells
were fixed with 1%, 2%, or 3.7% of ice-cold phosphate-buffered formalin at 21-23°C for 15
min to determine a formalin concentration capable of fixing the cells without altering plasma
membrane permeability. Cells were washed with PBS then incubated at 4°C overnight with
a primary antibody recognizing LAMP2, a luminal endosomal marker or an IgG isotype
control goat antibody. LAMP2 was used as a positive control for determining the extent of
cell permeabilization, and the 1gG isotype was used as a negative control to account for
background and non-specific immunobinding. Cells were washed, incubated with an IR-
conjugated secondary antibody, and then stained with the nuclear marker DRAQ5 to account
for well-to-well variations in cell number. Quantitation of LAMP2 was calculated as the
ratio of immunoreactive LAMP2:DRAQ5. (B) N18TG2 WT, empty vector (Control),
CRIP1a XS and CRIP1a KD cells were subjected to the On-cell-Western assay, as described
above using 1.2% ice-cold phosphate-buffered formalin fixative. Calculation of CB{R
surface expression was determined as the ratio of immunoreactive CB1R:DRAQ5, and
compared to WT set as 100%. (C,D) Cell membranes were fractionated and Western blots of
NP-40 soluble (C) and NP-40-resistant (D) membrane lysates were probed for Na*K*-
ATPase and caveolin to identify fractions containing plasma membrane and lipid rafts,
respectively. Below, representative Western blots are shown. Data are expressed as the mean
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+ S.E.M. from six (A and B) and three (C and D) independent experiments.
*p<0.05, #p<0.01 indicates significant difference from WT using Student’s t test.
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Figure 3. CRIP1a modulates CB1R-mediated non-ligand dependent constitutive phosphoERK1/2
(A) N18TG2 WT, empty vector (Control), CRIP1a XS, and CRIP1a KD cells were serum-

starved for 16 h, pretreated for 2 h with 1 uM THL, and quantitated for non-ligand mediated
CB1R constitutive phosphoERK1/2 using the In-cell-Western assay as described in
Materials and Methods. To determine phosphoERK levels the ratio of immunoreactive
phosphoERK:ERK was calculated for each individual clone and compared to WT set as
100%. (B) Cells were serum-starved for 16 h, pretreated for 2 h with 1 yM THL, and treated
with either vehicle or 10 nM of the CBR antagonist SR141716A for 5 min.
PhosphoERK1/2 was calculated as the ratio of phosphoERK1/2 to total ERK, and compared
to WT basal levels, set as 100%. Data are expressed as the mean + S.E.M. from four
independent experiments performed in duplicate. & p<0.05 indicates significantly different
from vehicle, and *p<0.05 indicates significantly different from WT using one-way
ANOVA and Dunnett’s post-hoc test.
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Figure 4. Influence of CRIP1a on CB1R agonist-mediated ERK1/2 phosphorylation
(A and B) N18TG2 WT, empty vector (Control), CRIP1a XS (A), and CRIP1a KD (B) cells

were serum-starved for 16 h, pretreated for 2 h with 1 yM THL, and treated with either
vehicle, the CB4R full agonist WIN55212-2 (10 nM), CP55940 (10 nM), or the CB4R
partial agonist mAEA (10 nM) for 5 min. Immunoreactive phosphoERK1/2 was determined
using the In-cell-Western assay as described in the Materials and Methods. Quantitation of
phosphoERK1/2 was calculated as the ratio of immunoreactive phosphoERK1/2 to total
ERK, and compared to basal, represented as 100% for each clone. *Indicates significantly
different from WT CP55940 treated using one-way ANOVA and Dunnett’s post-hoc test
(F3,16=6.36, p<0.05).
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Figure 5. Efficacy of CP55940-stimulated phosphoERK1/2 is enhanced by depletion of CRIP1a
N18TG2 WT, empty vector (Control), CRIP1a XS (A,C), and CRIP1a KD (B,D) cells were

serum-starved for 16 h, pretreated for 2 h with 1 uM THL, and treated with varying
concentrations of CP55940 (A,B), or CP55940 in the presence of 1 yM SR141716A (C,D)
for 5 min. In-cell-Western analysis of phosphoERK1/2 was quantified as the ratio of
phosphoERK1/2:total ERK, and then phosphoERK values were presented as a percent
change relative to basal for each clone. Data are presented as the mean + S.E.M. calculated
from three independent experiments performed in duplicate. #p<0.05 indicates that data
points significantly differ from WT, using a two-way ANOVA and Bonferroni post-hoc test.
*A significant difference from basal was observed for CRIP1a XS and KD clones, as
indicated in Fig. 1A, B, C and D, respectively.
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Figure 6. Effect of CRIP1a on the kinetics of ERK1/2 phosphorylation
N18TG2 WT and CRIP1a XS (A) and N18TG2 WT and CRIP1a KD clones (B) were serum

starved for 16 h, treated with THL for 2 h, and pretreated for 30 min in the absence or
presence of the dynamin inhibitor Dynasore (80 uM), and then challenged with the CB41R
agonist CP55940 (10 nM) for the indicated times. PhosphoERK1/2 levels were determined
as the ratio of immunoreactive phosphoERK1/2:DRAQS5. PhosphoERK values were
represented as a percent change relative to basal, expressed as 100% for WT cells. No
significant differences in total ERK levels from time 0 were detected in time course data for
untreated or Dynasore-treated cells (data not shown). Data are presented as the mean +
S.E.M. from four independent experiments performed in duplicate. *p<0.05 indicates
significant difference from WT using a two-way ANOVA and Bonferroni post-hoc.
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Figure 7. Effects of CRIP1a on CB1R-mediated inhibition of cAMP accumulation
(A) cAMP levels in WT, empty vector Control, and XS or KD clones were determined by

incubating cells with vehicle or 1 uM forskolin for 4 min (a time within the linear range of
stimulation). (B-D) Dose-response curves for cannabinoid agonist inhibition of cAMP
accumulation, using forskolin as an adenylyl cyclase activator, was determined in N18TG2
WT, Control vector, CRIP1a XS, and CRIP1a KD cells with either mAEA (B), WIN55212-2
(C), or CP55940 (D). Background levels (cCAMP accumulation in the absence of FSK) were
subtracted from all values and represented less than 10% of FSK-stimulated cAMP
accumulation (A). Data were normalized such that 100% was equal to cAMP in WT cells
treated with forskolin only, while 0% was equal to cCAMP in cells treated with vehicle only.
*p<0.05 indicates significant difference between WT and CRIP1a KD in the ECsq values
calculated from nonlinear regression fitting of CP55940 concentration-effect curves and
two-way ANOVA.
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Figure 8. Effects of CRIP1a on CB1-regulated [3°S]GTPyS binding to Gij/o proteins
Membranes from N18TG2 WT, empty vector (Control), CRIP1a XS, or CRIP1a KD cells

were incubated with 100 mM NaCl, 10 uM GDP, 500 pM [3°S]GTPyS and either 100 nM
CP55940, 100 nM SR141716A, or co-incubated with 100 nM CP55940 plus SR141716A.
Membranes were then subjected to immunoselective scintillation proximity assay to
quantitate ligand-mediated coupling to either Gajs (A), Gag (B), Gaii, or Gajy (C) as
described in Materials and Methods. Ligand-stimulated values were transformed to “percent
over/under basal” [% = (stimulated-basal)/(basal)*100]. Data are shown as the mean +
S.E.M. values of five or more independent experiments performed in duplicate. *Indicates
significant difference from WT using one-way ANOVA (A: F3 16=10.05); B: F3 16=12.42;)
and Dunnett’s post-hoc test (p<0.05).
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