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ABSTRACT
Activation of G protein-coupled receptors results in multiple
waves of signaling that are mediated by heterotrimeric G
proteins and the scaffolding proteins b-arrestin 1/2. Ligands
can elicit full or subsets of cellular responses, a concept
defined as ligand bias or functional selectivity. However, our
current understanding of b-arrestin-mediated signaling is still
very limited. Here we provide a comprehensive view of b-arrestin-
mediated signaling from the cannabinoid 1 receptor (CB1R).
By using a signaling biased receptor, we define the cas-
cades, specific receptor kinases, and molecular mechanism

underlying b-arrestin-mediated signaling: We identify the in-
teraction kinetics of CB1R and b-arrestin 1 during their
endocytic trafficking as directly proportional to its efficacy.
Finally, we demonstrate that signaling results in the control of
genes clustered around prosurvival and proapoptotic functions
among others. Together, these studies constitute a compre-
hensive description of b-arrestin-mediated signaling from
CB1Rs and suggest modulation of receptor endocytic traffick-
ing as a therapeutic approach to control b-arrestin-mediated
signaling.

Introduction
Ligand-induced signaling from G protein-coupled receptors

(GPCRs) was initially conceptualized as a linear series of
sequential steps leading to specific biologic outcomes. Re-
search over the last 20 years has shown that many ligands can
differentially stabilize receptors into multiple signaling con-
formations resulting in pluridimensional efficacies, a concept
defined as functional selectivity or biased signaling (Urban
et al., 2007; Kenakin, 2011; Shenoy and Lefkowitz, 2011). This
complexity at the signaling level has significantly changed our
understanding of GPCRs function and provides new chal-
lenges and opportunities for drug discovery (Kenakin, 2007;

Atwood et al., 2012; Chang and Bruchas, 2014). Upon ligand
activation, GPCRs undergo conformational changes leading to
activation of heterotrimeric G proteins and their effectors such
as adenylyl cyclase among others. These conformations are
detected by G protein-coupled receptor kinases (GRKs) and
they differentially phosphorylate GPCRs, generating specific
patterns or barcodes depending on the ligand (Liggett, 2011;
Nobles et al., 2011). These barcodes are subsequently recog-
nized by b-arrestins, which are recruited to the plasma
membrane sterically hindering G protein-receptor interac-
tions and terminating the first wave, while initiating the
second wave, of receptor signaling (Pierce et al., 2002; Shenoy
and Lefkowitz, 2011). More recently a third wave has been
described, in which some GPCRs can re-engage in G protein
signaling after internalization in specific intracellular com-
partments (Irannejad and von Zastrow, 2014).
b-Arrestins have two major roles—as negative regulators of

heterotrimeric G protein signaling during receptor desensiti-
zation and internalization and as signaling scaffolds (Gainetdinov
et al., 2004; Schmid and Bohn, 2009; Tzingounis et al., 2010).
As negative regulators of receptor activity, b-arrestins block G
protein signaling and recruit components of the endocytic
machinery to initiate receptor endocytosis (Goodman et al.,
1996; Claing et al., 2002). As a signaling scaffold molecule, the
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focus has been placed on their role during the activation of
selected downstream effectors such as mitogen-activated pro-
tein kinase (DeFea, 2011). At the mechanistic level, the
kinetics of interaction between receptors and b-arrestins
during endocytosis have been suggested as a mechanism to
control b-arrestin-mediated signaling efficacy (Shenoy et al.,
2009; Flores-Otero et al., 2014). In this scenario, ligand
activation results in specific phosphorylation barcodes, that
control the recruitment and kinetics of receptor-arrestin
interactions and b-arrestin-mediated signaling (Shenoy and
Lefkowitz, 2011; Reiter et al., 2012). However, our under-
standing of b-arrestin-mediated signaling is still rudimentary
and limited to selected well-studied signaling pathways
without much information on their roles or the mechanisms
controlling them; yet b-arrestin-mediated pathways have
been proposed as therapeutic targets in several disorders
(Allen et al., 2011; Gurevich, 2014; Urs et al., 2015).
To delineate the complex mechanisms, physiologic roles,

and therapeutic potential of b-arrestin-mediated signaling, a
more comprehensive approach including cell networks analy-
sis and transcriptomics is needed (Maudsley et al., 2013). To
achieve this goal, we sought to investigate the dynamic
mechanisms of b-arrestin-mediated signaling downstream
from the cannabinoid 1 receptor (CB1R), one of the most
abundant GPCRs in the central nervous system and the target
of Δ9-tetrahydrocannabinol, the main psychoactive ingredient
in marijuana. Our results distinguish b-arrestin-mediated
signaling from G protein signaling, illustrate the pharmaco-
logical complexity and mechanisms contributing to this
pathway, and propose modulation of the interaction between
receptor and b-arrestin as a mechanism to control signaling
output. Furthermore, these results suggest that therapeutic
drugs developed to control b-arrestin-mediated signaling for
the CB1R could present a novel approach to target the long-
term effects of CB1R activation. Finally, our work also
provides a framework to investigate b-arrestin signaling from
other GPCRs and suggests endocytic dwell times as new
biomarkers for identifying b-arrestin biased compounds.

Materials and Methods
Cell Culture and Transfections. Human embryonic kidney

(HEK) 293 cells (ATCC,Manassas, VA) weremaintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum
and 3.5 mg/ml glucose at 37°C in 5% CO2. SEP-CB1R cDNA in the
pcDNA3.1 vector was a generous gift from Andrew Irving (University
of Dundee, Scotland, UK) and the SEP-S426A/S430A construct was
generated by site-directed mutagenesis (QuickChange, Agilent Tech-
nologies, Santa Clara, CA) using the SEP-CB1R construct as a
template. The plasmids pcDNA3.1-3xHA-CB1Rs encoding the
N-terminal 3xHA epitope-tagged CB1Rs were generated by PCR
using the HA-CB1 plasmid (Daigle et al., 2008). For transfection,
HEK 293 cells were seeded in a 6-well plate (300,000 cells per well)
and transfected with a total of 2 mg of plasmids using lipofectamine
(Life Technologies, Grand Island, NY) according to themanufacturer’s
instructions. Twenty-four hours posttransfection, cells were incubated
for an additional 16 hours in serum-free growth media before agonist
treatment. siRNA (Qiagen, Valencia, CA) transfection was carried
out as previously described (Roman-Vendrell et al., 2012; Flores-Otero
et al., 2014). GRK expression was targeted using the following
siRNA sequences: GRK2, 59-CCGGGAGATCTTCGACTCATA-39;
GRK3, 59-AAGATGTTCAGTGTTGGGTAA-39; GRK4, 59-CCGGG-
TGTTTCAAAGACATCA-39; GRK5, 59-AGCGTCATAACTAGAACT-
GAA-39, GRK6, 59-AAGGATGTTCTGGACATTGAA-39. Silencing of

GRK expression was assessed by immunoblotting using anti-GRK2
antibody (1: 2000; Cell Signaling, Cell Signaling Technology, Danvers,
MA), anti-GRK3, anti-GRK5, and anti-GRK6 antibodies (1:3000, 1:
6000, and 1:3000, respectively; Abcam, Cambridge, MA) and anti-
GRK4 antibody (1: 3000; Sigma-Aldrich, St. Louis, MO).

Immunoblotting Studies. After serum starvation for 16 hours,
cells expressing SEP-CB1R were washed twice and exposed to either
1mMWINor 10mM2-AGdiluted inDubecco’smodifiedEagle’smedium
for 5, 10, 15, and 30 minutes at 37°C. To observe the effect of pertussis
toxin (PTX) on ERK1/2 phosphorylation, cells were pretreated with
10 ng/ml for 16 hours at 37°C. For gene silencing experiments, siRNA
transfection for b-arrestin 1 and b-arrestin 2 was carried out as
previously described(Flores-Otero et al., 2014). Cells were then
washed with ice-cold phosphate-buffered saline and lysed in ice-cold
lysis buffer consisting of 150 mM NaCl, 1.0% IGEPAL CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.5, and a protease
inhibitor cocktail 4-(2-aminoethyl)benzenesulfonyl fluoride, pepstatin
A, E-64, bestatin, leupeptin, and aprotinin; Sigma-Aldrich). Cell
lysates were cleared by centrifugation at 18,500 g for 15 minutes at
4°C. 13 mg of total proteins were resolved by SDS-PAGE gel
electrophoresis in 10% gels and transferred onto polyvinylidene
fluoride membrane. After incubating with blocking reagent (Fisher
Scientific, Pittsburgh, PA), the membrane was incubated for 1 hour at
room temperature with the primary antibody (1:4000 phospho-p44/42
and p44/42 antibodies; Cell Signaling Technology, Danvers, MA).
After incubation with anti-rabbit peroxidase-conjugated secondary
antibody (1:6000; Cell Signaling Technology) for 50 minutes at room
temperature, the specific immunoreactivity was visualized using the
SuperSignal West Femto Chemiluminescent Substrate System
(Thermo Fisher Scientific, Rockford, IL). Immunoreactive bands of
phospho-ERK1/2 were quantified by densitometric analysis using the
ImageJ program (http://rsb.info.nih.gov/ij/) and normalized to the
intensity of total-ERK1/2. Data are expressed as a fold increase above
the basal level of phosphorylation.

Coimmunoprecipitation. HEK293 cells were cotransfected with
HA-CB1R and either b-arrestin 1-RFP or b-arrestin 2-RFP and
treated with WIN and 2-AG as described above. Cells were lysed in
a buffer containing 1% n-dodecyl-b-D-maltoside, 10% glycerol, 250mM
NaCl, 50 mM Tris (pH 8), 0.5 mM EDTA, and protease inhibitor
cocktail (Sigma-Aldrich). The precleared supernatant fraction (ap-
proximately 400 mg) was incubated overnight at 4°C with 2 mg of anti-
HA antibody (Roche, Indianapolis, IN) and Protein A/G Plus-Agarose
(Santa Cruz Biotechnology, Dallas, TX). The beads were washed four
times in lysis buffer and elution was performed in 40 ml of reducing 1�
Laemmli buffer at 37°C for 30 minutes. Samples were separated by
SDS-PAGE gel electrophoresis in 10% gels and subjected to Western
blotting using anti-RFP and anti-HA antibodies as described above.

Total Surface Fluorescence. Receptor expression levels were
compared between wild-type and mutant receptors by total surface
fluorescence. HEK293 cells transiently expressing SEP-CB1R or SEP-
CB1R S426A/S430A 72 hours after transfection were analyzed with a
Cellometer Vision from Nexcelom Bioscience (Lawrence, MA) following
manufacturer protocol (Chan et al., 2011). Briefly, cells were harvested
and centrifuged for 5 minutes at 1500 rpm. Cells were resuspended in
phosphate-buffered saline and transferred to imaging chambers. Cap-
tured brightfield and fluorescence images using the GFP filter set (optic
module 1: VB535-402) were saved and analyzed using the equipment
software. Acquisition exposure was set to 7.5 seconds.

TIRF and Confocal Microscopy. TIRF microscopy was per-
formed as previously described(Yudowski and von Zastrow, 2011;
Roman-Vendrell and Yudowski, 2015). Briefly, HEK293 cells tran-
siently expressing SEP-CB1R or SEP-CB1R S426A/S430A were
imaged using a Motorized Nikon Ti-E inverted microscope with a
CFI-Apo�100 1.49 oil TIRF objective lens and a motorized stage with
perfect focus (Melville, NY). Light sources were 488- and 561-nm
Coherent sapphire lasers (Coherent Inc., SantaClara, CA)with 50 and
100 mW, respectively. The microscope was coupled to an iXonEM 1
DU897 back illuminated EMCCD camera (Andor, Belfast, UK).
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Imaging settings were kept constant throughout our imaging: readout
speed: 10 Hz, exposure time: 100 ms every 3 seconds, EM gain 300,
binning: 1 � 1, image: 512 � 512, BitDepth 5 14 bits, temperature:
275, and laser power: 10%. Cells were kept at 37°C with a Stable Z
stage and objective warmer (Bioptechs, Butler, PA). Cells were gently
rinsed three times with OptiMem supplemented with 20 mM HEPES
(Life Technologies) and kept in the incubator for 10–30 minutes to
acclimate before imaging. TIRF microscopy recording was conducted
in the same imaging media for 1–3 minutes under basal condition
(without any treatment) and was followed by bath application of
selected ligand using a custom-built perfusion chamber as previously
described (Flores-Otero et al., 2014; Roman-Vendrell and Yudowski,
2015). Total time of live-imaging visualization and recording was less
than 30 minutes. Confocal microscopy was performed using a Zeiss
LSM 5 Pascal laser-scanning confocal microscope equipped with Ar
488 nm and HeNe 543 nm laser-lines using a 63x Plan-
APOCHROMAT oil-immersion objective (NA5 1.4) with the following
emission filters: BP 505-530 and BP 560-615, respectively. Images
were collected at 1024 � 1024 pixel resolution using sequential
scanning mode.

Image Processing and Analysis. Analysis was performed using
the public domain National Institutes of Health Image program
ImageJ/FIJI software, which is freely available at http://fiji.sc/Fiji as
described before(Yudowski and von Zastrow, 2011; Flores-Otero et al.,
2014; Roman-Vendrell et al., 2014). Briefly, raw images were first
background-subtracted and flat field-corrected. Individual endocytic
events were quantified by an observer blinded to experimental details
multiple times manually and using the particle tracking algorithm
two-dimensional spot tracker. Event location, time, and fluorescence
profile were logged and recorded. Individual endocytic events were
identified and scored according to the following criteria: 1) individual
events appeared and disappeared within the time series; 2) endocytic
events displayed limitedmovement in the x and y axes as described for
clathrin endocytic pits during their maturation; and 3) the events did
not collide or merge with other structures. Dwell times were calcu-
lated as the time between the first frame where spot tracker detected
an event above background fluorescence levels and the last. Because
the fluorescence from individual events can fluctuate and the
algorithm from the tracking software can misinterpret endocytic
events, we manually verify all individual events after automated
analysis. To analyze statistical significance between groups, we
counted the number of events in each independent experiment
(i.e., each separate imaging session and different dish of cultured
cells were treated as independent experiments), analyzed their
normality by D’Agostino and Pearson test, and used unpaired two-
tailed Student’s t tests to test for statistical significance. All data are
expressed as means 6 S.E.M. unless stated. Statistical analyses
between dwell times were calculated using the GraphPad Prism
Software (La Jolla, CA). Box and whiskers plot represent minimum
and maximum values, the box extends from 25 to 75% with the mean
value.

Phospho-Kinase Array Analysis. The phosphor-kinase array
was performed using the Proteome Profiler Human Phospho-Kinase
Array Kit (R&D Systems, Minneapolis, MN). Briefly, HEK293 cells
expressing the CB1R wild-type or S426/430A mutant receptor at
similar expression levels (Supplemental Fig. 1) were treated with to
either 1 mMWIN or 10 mM2-AG for 5 and 15 minutes. PTX treatment
and siRNA transfection for b-arrestins were carried out as described
above. Cells were lysed with lysis buffer (R&D Systems, Minneapolis,
MN) and agitated for 30 minutes at 4°C. Cell lysates were subjected to
protein assay. Preblocked nitrocellulose membranes spotted with
antibodies for 43 kinases were incubated with 400 mg of the lysates
overnight at 4°C on a rocking platform. The membranes were
incubated with a biotinylated detection antibody cocktail and then
streptavidin-horseradish peroxidase. Chemiluminescent detection
reagents were applied to detect spot densities. Array images were
analyzed quantified by densitometric analysis using the ImageJ
program (http://rsb.info.nih.gov/ij/). Every spot was subtracted by

the averaged background level from negative control spots. The
phospho-antibody array experiment was repeated three times. Data
of duplicated spots from three array results were expressed with the
relative fold change over the basal level (in the absence of agonist).
Statistical analysis was performed using one-way analysis of variance
followed by Bonferroni’s post hoc test.

RNA-seq Experiments and Transcriptome Analysis.
HEK293 cells expressing the HA-tagged rat wild-type or S426/430A
mutant receptors were treated with 1 mM WIN for 2 hours. After
extensive washing, total RNA was isolated using TRIzol reagent (Life
Technologies). The RNA samples were further cleaned up using
RNeasy Mini Kit (Qiagen), with purity and quantity assessed
spectrophotometrically. RNA was polyA enriched and libraries con-
structed. Sequencing (50 nt, single strand) was performed using the
Illumina HiSeq2000 sequencing system (CGB, Indiana University).
Each sample gave ∼10,000,000 reads/sample with .90% of reads
uniquely mapped using Tophat2 ver 2.0.10 and using GRCh38 as the
reference genome. Differential expression was examined using
DESeq2 (Bioconductor) at a 5% false discovery rate.

Results
b-Arrestin-Mediated Signaling Is Enhanced in the

CB1R S426A/S430A Receptor. To define the signaling
cascades mediated by b-arrestins downstream from the
CB1R, we took advantage of the wild-type and S426A/S430A
receptors. These serines have been shown to be phosphory-
lated in previous mass spectrographic analysis, and our
previous work revealed that mutation of the putative GRK
phosphorylation sites S426A/S430A to alanines resulted in
lower levels of receptor internalization, reduced desensitiza-
tion, and persistent activation of ERK1/2 independently from
Gi/Go, suggestive of a b-arrestin-mediated pathway (Daigle
et al., 2008; Huttlin et al., 2010; Wi�sniewski et al., 2010;
Trinidad et al., 2012; Morgan et al., 2014). This persistent
ERK1/2 activation was identical to the response we observed
when prolonging receptor-arrestin interactions at the endo-
cytic pit, amechanism controllingb-arrestin signaling (Flores-
Otero et al., 2014). Sustained ERK1/2 activation by the S426A/
S430A receptor led us to the hypothesis that signaling
mediated by b-arrestins could be enhanced in this receptor
and used as a tool to investigate this type of signaling. To test
this hypothesis, first we analyzed ERK1/2 phosphorylation in
HEK293 cells expressing the wild-type CB1R or S426A/S430A
receptor exposed to maximal concentrations of the synthetic
CB1R agonist WIN 55,212-2 (WIN) (Fig. 1A). Second, we
assessed the role of b-arrestins during the sustained phos-
phorylation of ERK1/2 by using small interfering RNA
(siRNA) against b-arrestin 1 and 2. Silencing b-arrestin 1
resulted in a complete reduction of ERK1/2 phosphorylation
for the S426A/S430A receptor, whereas no significant effect
was observed for the wild-type receptor. The effectiveness of
siRNAs forb-arrestins 1 and 2was confirmed byWestern blots
(Supplemental Fig. 2). In contrast, reduction of b-arrestin 2
expression did not show a substantial effect at 5 minutes (Fig.
1, B and C). Interestingly, however, bothwild-type and S426A/
S430A receptors show a smaller but sustained level of ERK1/2
phosphorylation at the later time points (10 and 15 minutes).
Collectively, our data suggest that b-arrestin 2may not have a
primary role in ERK1/2 signaling. Rather, as our previous
studies indicate, b-arrestin 2 is critical for receptor internal-
ization, and its removal may impair receptor internalization
(Ahn et al., 2013; Flores-Otero et al., 2014). The effectiveness
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of siRNAs for b-arrestins 1 and 2 was confirmed by Western
blots (Supplemental Fig. 2). Finally, consistent with previous
findings, PTX completely blocked ERK1/2 phosphorylation for
the wild-type receptor (Daigle et al., 2008; Flores-Otero et al.,
2014), although it had no effect on the mutant receptor (Fig.
1D). Together these results suggest that WIN induced pro-
longed activation of ERK1/2 in the mutant receptor that is
solely mediated by b-arrestin 1.
To further characterize signaling from the S426A/S430A

receptor, we evaluated the phosphorylation of ERK1/2 elicited
by the endogenous CB1R agonist 2-AG. Because we previously
reported for cells expressing the wild-type receptor (Flores-
Otero et al., 2014), 10 mM 2-AG induced a peak at 5 minutes
followed by a slow decay in ERK1/2 phosphorylation. A similar
response was observed with the S426A/S430A receptor (Fig.
2A). However, only in the latter case, silencing of b-arrestin
isoform 1 and not 2 resulted in a complete reduction of ERK1/2
phosphorylation at 5 minutes (Fig. 2, B and C). On the other
hand, preincubation with PTX fully abrogated the peak at 5
minutes in the wild-type receptor, but had no effect on the
S426A/S430A receptor (Fig. 2D). Interestingly, removal of
b-arrestin 2 also increased b-arrestin 1 signaling as in Fig. 1.
These results together with data from WIN (Fig. 1) support
the idea that activation of the S426A/S430A receptor leads to
increased b-arrestin 1-mediated signaling, probably by re-
ducing b-arrestin 2-induced internalization.
TheKinomeDownstream fromCB1R/b-Arrestins. Beta-

arrestins have been shown to coordinate multiple signaling
networks downstream from many GPCRs (Maudsley et al.,

2013). To identify additional pathways regulated by b-arrestins
downstream fromCB1Rsweapplied anunbiased screen to detect
the phosphorylation of kinases upon CB1R activation. We used a
humanphospho-kinase antibodyarray to simultaneously identify
the phosphorylation of 43 different kinases and two related
proteins, including ERK and CREB, whose activation was
previously shown to be mediated by CB1Rs (Flores-Otero et al.,
2014; Laprairie et al., 2014). Cells expressing the wild-type
receptor were incubated with 10 mM 2-AG for 5 and 15 minutes
(Fig. 3A). The effects of siRNA against b-arrestin 1 and
preincubation with PTXwere also evaluated to resolve pathways
from b-arrestin 1 andGi/Go proteins, respectively (Supplemental
Fig. 3). ConsistentwithFig. 2 and our prior findings (Flores-Otero
et al., 2014), ERK1/2 phosphorylation elicited by 2-AG was
mediated by PTX-sensitive G proteins at 5 minutes and exclu-
sively by b-arrestin 1 at 15 minutes (Fig. 3, A and B). Significant
increases in phosphorylation levels upon 2-AG treatment were
also observed in JNK1/2/3 andCREB,whereas there is a decrease
in the phosphorylation of HSP60. The levels of CREB andHSP60
phosphorylation were specifically affected by b-arrestin 1 siRNA
and PTX treatment, respectively (Fig. 3C and Supplemental Fig.
3). In contrast, JNK1/2/3 phosphorylation was abolished by PTX
treatment and b-arrestin 1 siRNA at 5 and 15 minutes, re-
spectively. Interestingly, these pathways were previously de-
scribed as regulated by CB1Rs, further validating our approach,
but the involvement of b-arrestins was previously unknown
(Rueda et al., 2000; Derkinderen et al., 2001; Hart et al., 2004).
These results suggest that prolonged stimulation of CB1Rs with
the endocannabinoid 2-AG leads to a b-arrestin 1-dependent

Fig. 1. WIN induced signaling from CB1R S426A/
S430A is biased to b-arrestins. (A) HEK293 cells
expressing SEP-CB1Rs or S426A/S430A were exposed
to 1 mM WIN 55212-2 for 5, 10, 15, and 30 minutes. Cell
lysates were analyzed using Western blots with phos-
pho-ERK1/2 (p-ERK1/2, top panel) or total ERK1/2
(bottom panel). Representative Western blot images
and analysis of ERK1/2 phosphorylation are shown.
Time course showing ERK1/2 phosphorylation levels in
the wild-type (red) and S426A/S430A (blue) receptors.
(B) HEK293 cells expressing SEP-CB1Rs or the S426A/
S430A receptor were cotransfected with b-arrestin 1
siRNA and exposed to WIN. The quantified time course
shows complete abrogation of signal in the mutant
receptor. (C) HEK293 cells expressing SEP-CB1Rs or
S426A/S430A were cotransfected with b-arrestin 2
siRNA and exposed to WIN. Graph provide quantified
time course for the wild-type and mutant receptor. (D)
HEK293 cells expressing SEP-CB1Rs or S426A/S430A
were pretreated with PTX (16 hours). Quantified time
course indicates complete inhibition of phosphorylation
in the wild-type receptor. Data represent the mean 6
S.E.M. of at least three independent experiments.
Statistically significant differences between the wild-
type and mutant receptor were assessed using one-way
analysis of variance and Bonferroni’s post hoc test. ***P
, 0.005.
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activation of multiple signaling pathways. We did not observe
changes in p-AKT 1/2/3 as previously reported (Laprairie et al.,
2014), although phosphorylation levels were significantly ele-
vated under basal conditions, possibly masking any changes
(Figs. 3A and 4A). These differences could also be explained by
quantitative relationship between receptors and signaling pro-
teins or sensitivity issues in our detection methods. For the wild-
type receptor upon WIN treatment, results were comparable to
those of 2-AGtreatment of 5minutes (Fig. 3,BandC). In contrast,
no further phosphorylation of these kinases was observed at
15 minutes.
Next, because b-arrestin-mediated signaling is enhanced in

the S426A/S430A receptor, we used the phospho-kinase
antibody array to investigate the pathways downstream from
CB1R/b-arrestin 1 (Fig. 4A). Although phosphorylation levels
for kinases were similar to those described for the wild-type
receptor exposed to WIN at 5 minutes (Fig. 3B), key differ-
ences were identified. For example, unlike the wild-type
receptor, ERK1/2 phosphorylation for the mutant receptor at
5 minutes is b-arrestin 1 mediated, and the phosphorylation
level at 15 minutes remained increased and all were de-
pendent on b-arrestin 1 not Gi/Go proteins (Fig. 4, A and B).
Significant increases in phosphorylation uponWIN treatment
were also observed for JNK1/2/3, CREB, and EGFR (Fig. 4B
and Supplemental Fig. 3). Thesewere specifically abolished by
b-arrestin 1 siRNA, further suggesting that the mutation
S426A/S430A resulted in enhanced b-arrestin-mediated sig-
naling. Taken together these results indicate that this mutant

receptor is an ideal tool to investigate b-arrestin-mediated
signaling.
The Differential Interaction between Receptor and

b-Arrestin Isoforms. Because activation of the S426A/
S430A receptor resulted in enhanced b-arrestin, we used this
receptor to investigate the molecular mechanisms by which
receptor activation translates into b-arrestin-mediated sig-
naling. Previously, we proposed ligand-specific endocytic
dwell times, the time during which receptors and b-arrestins
are clustered at the cell surface during the endocytic process,
as a possible mechanism modulating b-arrestin-mediated
signaling (Flores-Otero et al., 2014). This work suggested that
ligands inducing prolonged dwell times (.140 seconds) were
more efficacious at b-arrestin-mediated signaling than li-
gands inducing short dwell times (,120 seconds). Here we
sought to compare the endocytic dwell times of the wild-type
and themutant S426A/S430A receptor in the presence of WIN
and 2-AG using total internal reflection microscopy (TIRFM)
(Fig. 5A). Upon treatment, receptors clustered into individual
endocytic events as previously described (Fig. 5A, top). By
analyzing individual endocytic events, we found that dwell
times of the S426A/S430A mutant receptor were prolonged
compared with wild-type receptors in the presence of 5 mM
WIN (Fig. 5A, kymographs and individual traces). Analysis of
multiple endocytic dwell times indicated that mutation of
S426A/S430A significantly prolonged dwell times elicited by 1
and 5 mM WIN (Fig. 5B), supporting the enhanced b-arrestin
mediated signaling observed with the mutant receptor.

Fig. 2. 2-AG induced signaling from CB1R S426/
430 is biased to b-arrestins. (A) HEK293 cells
expressing SEP-CB1Rs or the S426A/S430A re-
ceptor were exposed to 10 mM 2-AG for 5, 10, 15,
and 30 minutes. Cell lysates were analyzed using
Western blots with phospho-ERK1/2 (p-ERK1/2,
top panel) or total ERK1/2 (bottom panel). Rep-
resentative Western blot images and analysis to
quantify ERK1/2 phosphorylation are shown.
Time course showing ERK1/2 phosphorylation
levels in the wild-type (red) and S426A/S430A
(blue) receptor. (B) HEK293 cells expressing
SEP-CB1Rs and S426A/S430A were cotrans-
fected with b-arrestin 1 siRNA and exposed to
2-AG as indicated. Quantified time course shows
complete abrogation of signal in the mutant recep-
tor. (C) HEK293 cells expressing SEP-CB1Rs or
the S426A/S430A receptorwere cotransfectedwith
b-arrestin 2 siRNA and exposed to WIN. Graphs
provide quantified time courses for the wild-type
andmutant receptor. (D) HEK293 cells expressing
SEP-CB1Rs or the S426A/S430A receptor were
pretreated with PTX (16 hours). Quantified time
courses indicate inhibition of phosphorylation only
at 5 minutes in the wild-type receptor. Data
represent the mean 6 S.E.M. of at least three
independent experiments. Statistically significant
differences between the wild-type and mutant at
each time point were assessed using one-way
analysis of variance and Bonferroni’s post hoc test.
***P , 0.005.
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However, no changes were observed in the wild-type versus
the mutant in the presence of 10 mM 2-AG (Fig. 5B). These
prolonged dwell times correlate and support their role as a

predictor of b-arrestin-mediated signaling (Flores-Otero et al.,
2014). Next, we investigated if the prolonged interaction
between S426A/S430A receptors and b-arrestins during the

Fig. 3. Signaling networks elicited from CB1R
activation. (A) Representative dot blots evaluated
by profiling phosphorylation of 43 human ki-
nases. HEK293 cells expressing SEP-CB1R were
incubated with 1 mM WIN and 10 mM 2-AG for 5
and 15 minutes. Cell lysates from untreated and
treated cells were applied to a nitrocellulose
membrane spotted with the antibodies for 43
kinases. Three kinases (CREB, ERK1/2, and
JNK1/2/3) with significant changes in phosphor-
ylation level after agonist treatment were high-
lighted with boxes. AKT1/2/3 and reference spots
(loading control) are shown for comparison. (B)
Graphs provide the quantified time course show-
ing ERK1/2 phosphorylation induced by 1 mM
WIN and 10 mM 2-AG. Data are expressed as the
fold change over the basal (no compound) level for
each compound. The effects of b-arrestin 1 knock-
down (red) and PTX treatment (green) are shown.
(C) Graphs provide the quantified time course
showing JNK1/2/3 and CREB phosphorylation
induced by 1 mMWIN and 10 mM 2-AG. Data are
expressed as the fold change over the basal level
for each compound. Statistical significance of
agonist-induced phosphorylation compared with
basal (0 minute) was assessed using one-way
analysis of variance and Bonferroni’s post hoc
test.

Fig. 4. CB1R S426A/S430A is a b-arrestin
1 biased receptor. (A) Representative dot
blots evaluated by profiling phosphoryla-
tion of 43 human kinases. Lysates from
untreated and agonist-treated (1 mM WIN
for 5 and 15 minutes) cells expressing the
S426A/S430A receptor were applied to a
nitrocellulose membrane spotted with an-
tibodies for 43 kinases along with control
antibodies. ERK1/2 phosphorylation levels
were highlighted with boxes. The effects of
b-arrestin 1 knockdown (red) and PTX
treatment (green) are shown. (B) Graphs
provide the quantified time course showing
ERK1/2, JNK1/2/3, and CREB phosphory-
lation induced by 1 mM WIN. Data are
expressed as the fold change over basal
level for each compound. The effect of
b-arrestin 1 knockdown (red) and PTX
treatments are included. Statistical signif-
icance of the differences compared with
basal (0 minute) was assessed using one-
way analysis of variance and Bonferroni’s
post hoc test.
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endocytic process at the cell surface extends to intracellular
compartments. HEK293 cells expressing the wild-type or
mutant receptors were transfected with b-arrestin 1-RFP,
incubated with 1 mM WIN for 20 minutes and imaged by live-
cell confocal microscopy. After 20minutes, wild-type receptors
were internalized and localized into intracellular vesicles,
whereas b-arrestin 1 was homogenously distributed in the
cytoplasm (Fig. 5C, middle). Interestingly, S426A/S430A
receptors and b-arrestin 1 were highly localized in intracellu-
lar clusters (Fig. 5 C, bottom). These clusters were frequently
observedwith the S426A/S430A receptor afterWIN treatment
but not with the wild-type receptor (Fig. 5D). To test the idea
that the interaction between b-arrestin 1 and the mutant
receptor is enhanced, we performed coimmunoprecipitations.
b-Arrestins are notoriously difficult to immunoprecipitate;
however, we observed a major band corresponding to
b-arrestin 1-RFP when the S426A/S430A receptor was immu-
noprecipitated after incubation with 1 mM WIN (Fig. 5E). In

marked contrast, no b-arrestin 1 band was observed upon
WIN treatment of the wild-type receptor. We observed a
weaker band for RFP-b-arrestin 2 after 1 mM WIN with
immunoprecipitation of either the wild-type or the mutant
receptors though the level of the latter was substantially
reduced (Fig. 5F). Finally, we investigated the recruitment
kinetics of b-arrestins to the cell surface in cells expressing
either CB1R or S426A/S430A by TIRFM (Supplemental Fig.
4). Interestingly, b-arrestin 2 recruitment to the plasma
membrane was severely impaired in the mutant receptor,
strongly supporting the roles of S426/430 on b-arrestin 2
recruitment (Supplemental Fig. 4C). However, no significant
difference was observed on the recruitment kinetics of
b-arrestin 1 (Supplemental Fig. 4B)
Taken together these results indicate that strong physical

interactions between the receptor and b-arrestin 1 correlate
with b-arrestin-mediated signaling. This interaction is initi-
ated at the cell surface (i.e., prolonged dwell times) and

Fig. 5. CB1R S426A/S430A interacts
with b-arrestin 1 more strongly than
CB1R. (A) Total internal reflection images
showing HEK293 cell expressing SEP-
CB1Rs before and after 1 mM WIN (time
indicated in seconds) showing individual
endocytic events (arrowheads). Kymographs
from HEK293 cell expressing either SEP-
CB1Rs (top panel) or S426A/S430A (bot-
tom panel) in the presence of 1 mM WIN.
Individual endocytic events are indicated
by the yellow rectangle. Intensity mea-
surements from indicated events are
represented to the right. (B) Box and whis-
kers plot (mean valueswithmin/max range)
from endocytic dwell times were analyzed
for the indicated concentrations and recep-
tors (n = 10-19 cells). (C) Live HEK293 cells
expressing either SEP-CB1Rs (top panel) or
SEP-CB1R S426A/S430A (bottom panel)
were imaged by confocal before and after
20 minutes incubation with 1 mM WIN. (D)
Intracellular b-arrestin 1 particles were
quantified after treatments (n = 7–10 cells).
(E) HEK293 cells were cotransfected with
HA-CB1R and either b-arrestin 1-RFP or
b-arrestin 2-RFP and treated with 1 mM
WIN for 5 minutes. Lysates were immuno-
precipitated with anti-HA antibody and
subjected to immunoblot analysis using
anti-RFP and anti-HA antibodies. Repre-
sentative blot images show substantial
b-arrestin 1 pull-down was observed with
the HA-S426A/S430A mutant receptor, but
not theHA-wild-type receptor after5-minute
treatment. The lower panels show the
input levels of HA-CB1Rs and b-arrestins-
RFP, respectively. (F) The bar graph pro-
vides quantification of b-arrestin-RFP
shown in (E). Data are the mean 6 S.E.
M. from three independent experiments.
The statistical significance of the differ-
ences compared with control (0 minute)
was assessed using one-way analysis of
variance and Bonferroni’s post hoc test.
***p , 0.001.
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continues after internalization in intracellular compartments,
suggesting prolonged interaction as a mechanism to engage
sustained b-arrestin-mediated signaling.
Specific GRK Isoforms Are Responsible for b-Arrestin-

Mediated Signaling from the CB1R. GRKs have been
proposed to recognize different ligand-induced receptor confor-
mations and generate phosphorylation barcodes that lead to
G protein- or b-arrestin-mediated signaling (Zidar et al., 2009;
Liggett, 2011; Nobles et al., 2011, 2012). To examine the

mechanisms controlling b-arrestin-mediated signaling, we
sought to investigate the roles of specific GRKs in the
signaling of the wild-type and mutant receptor. We used
siRNA technology to specifically remove GRK isoforms 2–6
and investigated ligand induced ERK1/2 phosphorylation at 5
and 15 minutes by the two receptors (Fig. 6). Consistent with
Figs. 1 and 3, incubation with WIN induced robust ERK1/2
phosphorylation at 5 minutes in the wild-type receptor. This
phosphorylation was independent of GRKs because siRNAs

Fig. 6. GRK subtype specific regulation of b-arrestin 1 signaling. (A–D). Cells expressing either the wild-type (A) or S426A/S430A (C) receptors were
cotransfected with control, GRK2, GRK3, GRK4, GRK5, or GRK6 siRNAs as described inMaterials and Methods. After exposure to 1 mMWIN for 5 and
15 minutes, cells were lysed and the lysates were separated by SDS-PAGE and blotted with anti-phospho-ERK1/2 and anti-total ERK1/2 antibodies.
Representative Western blot images are shown. Graphs provide the quantified levels of ERK1/2 phosphorylation for the wild-type (B) and S416/430A (D)
receptors. The statistical significance of the differences compared with control was assessed using one-way analysis of variance and Bonferroni’s post hoc
test. ***P , 0.001. (E) Representative Western blot bands demonstrates specific knockdown of GRKs endogenously expressed in HEK293 cells.
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had no effect, consistent with a G protein-mediated mecha-
nism (Bouaboula et al., 1995; Howlett, 2005) (Fig. 6, A and B).
However, when GRK3 was knocked down, a small but
significant increase in ERK1/2 phosphorylation was observed
for the wild-type receptor upon WIN treatment of 15 minutes
(Fig. 6, A and B, bottom). These data are consistent with
results suggesting that GRK3 may play a key role in CB1R
internalization, and thus in its absence, the receptor remains
at the cell surface signaling slightly longer via G protein (Jin
et al., 1999). Interestingly, in cells expressing the S426A/
S430A receptor, removal of GRK 4 or 5 significantly reduced
ERK activation at 5 minutes and the knockdown of GRKs 5
and 6 reduced ERK1/2 phosphorylation further at 15 minutes
(Fig. 6C). These results indicate that GRKs are not involved in
the phosphorylation of ERK1/2 at 5 minutes in the wild-type
receptor but control phosphorylation at 5 and 15 minutes in
the S426A/S430A receptor, strongly suggesting a b-arrestin-
dependent mechanism at these time points. To control for the
effectiveness of each siRNA, we analyzed the expression levels
of endogenously expressed GRKs in HEK293 cells (Fig. 6E).
Taken together the reductions in phosphorylation in the
mutant receptor strengthen the barcode hypothesis where
specific GRKs mediate b-arrestin-mediated signaling (GRKs
4, 5, 6, but not 3) versus G protein activation, even when other
GRKs are present in HEK293 cells (Atwood et al., 2011) and
indicate that b-arrestin-mediated signaling is controlled by a
specific subsets of GRKs.
Genes Specifically Controlled by b-Arrestin-Mediated

Signaling. b-Arrestin mediated signaling has been shown to
regulate protein synthesis and gene transcription (DeWire
et al., 2008; Maudsley et al., 2015). Interestingly, activation of
the d opioid receptor has been shown to translocate b-arrestin
1 to the nucleus and affect histone modification and gene
transcription (Kang et al., 2005). We took advantage of the
enhanced b-arrestin signaling of the S426A/S430A receptor to
explore the transcriptional profile of b-arrestin-mediated
signaling from the CB1R. We extracted mRNA and performed
RNA sequencing from HEK293 cells expressing these recep-
tors with and without 1 mM WIN treatment of 2 hours. We
examined differentially expressed genes using a false discov-
ery rate of 5% to compare the activation byWIN of the mutant
S426A/S430A receptor versus activation of the wild-type
receptor (Fig. 7A and Supplemental Figs. 6 and 7). Several
differentially regulated genes reflected activation of CB1R
and induction of kinase stimulation as described in Supple-
mental Figs. 6 and 7, further validating our results. The
phosphatases DUSP1, 5, and 16 are all significantly upregu-
lated in S426A/S430A cells after prolonged treatment with
WIN (Supplemental Fig. 6). These phosphatases play roles
as negative regulation of ERK, JNK, and P38 and suggest
crosstalk downstream from b-arrestin-mediated signaling
and the dampening MAP kinase- and cAMP-dependent
pathways.
Interestingly, the E3 ubiquitin ligase MDM2, which regu-

lates ubiquitination of b-arrestin 2 and signaling from the b2
adrenergic receptor (Shenoy et al., 2009) was also upregulated
selectively in S426A/S430A expressing cells (Supplemental
Fig. 6). Finally, we investigated the transcripts specifically
regulated byWIN in the mutant receptor versus the wild-type
receptor (Fig. 7A and Supplemental Fig. 7). From this list,
∼70% of the genes are involved in gene regulation, mRNA
processing, and protein translation and degradation (Fig. 7 B),

underlining the significant role of b-arrestin-mediated signal-
ing in the long-term effects of CB1R activation. Remarkably,
some of the genes downstream of b-arrestin include VEGFA,
GH1, and ADAMTS1, which have been involved in cancer
growth and neurodegeneration.

Discussion
Our understanding of GPCR signaling has dramatically

changed over the last 15 years. Initially described as on and off
switches, GPCRs are now likened to microprocessors where
their activation can lead to multiple active states and cellular
responses (Kenakin, 2006, 2011). This current understanding
of GPCR pharmacology is integrated into the concepts of
functional selectivity and biased signaling (Urban et al., 2007;
Kenakin, 2011). In this paradigm, ligands can be biased to
activate selected signaling pathways from the full signal-
ing repertoire available to individual GPCRs. G protein-
dependent pathways have been extensively described from
the functional to the structural level (Pierce et al., 2002;
Rosenbaum et al., 2009; Venkatakrishnan et al., 2013).
However, despite its immense therapeutic potential, our
general understanding of b-arrestin-mediated signaling
is currently very limited (Shenoy and Lefkowitz, 2011;
Maudsley et al., 2013; Venkatakrishnan et al., 2013;
Srivastava et al., 2015).
Here we sought to apply a comprehensive approach to

investigate the b-arrestin “signalosome,” the repertoire of
cascades elicited downstream from the CB1R/ b-arrestin. To
achieve this goal, first we identified a CB1R with enhanced
b-arrestin signaling. Mutation of the putative GRK phosphor-
ylation sites S426/S430 to alanines resulted in lower levels of
receptor internalization (Supplemental Fig. 1), reduced de-
sensitization, and persistent activation of ERK1/2 indepen-
dently from Gi/Go and reduced b-arrestin 2 recruitment to
receptors (Supplemental Fig. 4). Reduced internalization
rates could give the receptors more opportunity to interact
with b-arrestin 1 and increase their signaling (Supplemental
Fig. 1) (Daigle et al., 2008; Morgan et al., 2014). Interestingly,
mice with these mutations have an increased response to
agonist, supporting the idea of impaired desensitization. Next,
we compared the kinases activated by G proteins and
b-arrestin using a human phospho-antibody array. This
approach in combination with siRNA technology and toxin
treatments allowed us to simultaneously screen for signaling
pathways specifically mediated by b-arrestins. Consistent
with our previous work and the work of others (Flores-Otero
et al., 2014; Laprairie et al., 2014), signaling from the wild-
type receptor elicited by the endogenous 2-AG was mediated
byG proteins at 5minutes and it was completely replacedwith
b-arrestin-mediated signaling at the later time point. In
addition, the b-arrestin-mediated signaling from the S426A/
S430A receptor showed significant switch from G protein to
b-arrestin pathways. Results from this receptor strengthens
the idea that this pathway is involved in the regulation of long-
term cellular events such as protein translation, gene tran-
scription, and epigenetic regulation (Ma and Pei, 2007;
Maudsley et al., 2013). Activation of ERK 1/2, JNK1/2/3,
CREB, and EGFR RTK was dependent of b-arrestin-1,
strengthening the specific role of this molecule during CB1R
signaling (Supplemental Figs. 1, 3, and 4)(Ahn et al., 2013;
Srivastava et al., 2015). These cascades have been previously

626 Delgado-Peraza et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.115.103176/-/DC1
http://molpharm.aspetjournals.org/


associated to CB1R signaling in different cellular back-
grounds, but not all of the cascades were shown to bemediated
by b-arrestins (Derkinderen et al., 2001, 2003; Dalton and
Howlett, 2012; Hoffman and Lupica, 2013). Interestingly, not
all previously described cascades mediated by b-arrestins
such as AKT were observed in our model (Gómez del Pulgar
et al., 2000; Ozaita et al., 2007; Trazzi et al., 2010). This lack in
response could be explained by differences in the quantitative
relationship between receptor and signaling proteins, detec-
tion issues, differential basal kinase activity levels in these
cells, or by the possibility that b-arrestin-mediated signaling
activates only a subset of the complete signalosome available
to CB1Rs in these particular cells. However, receptor expres-
sion levels and their cellular localizationwere not significantly
difference between wild-type andmutants (Supplemental Fig.
1). Nevertheless, is interesting to note that downstream
cascades are in general very conserved among different
cellular environments as previously observed for the PTH
receptor (Maudsley et al., 2015).
How is GPCR activation translated into b-arrestin-

mediated signaling? Our previous work (Flores-Otero et al.,

2014) with TIRFM suggested that a prolonged interaction
between receptors and b-arrestins at endocytic pits could play
a role in b-arrestin-mediated signaling. Supporting this,
chemical or genetic prolongation of the dwell times of recep-
tors/b-arrestins at endocytic pits dramatically increased
b-arrestin-mediated signaling (Flores-Otero et al., 2014).
Ubiquitination has been also proposed as a molecular mech-
anisms to control this interaction and signaling (Shenoy et al.,
2009). We explored the interaction of CB1Rs with b-arrestins
at the cell surface and in intracellular compartments by
microscopy and immunoprecipitations (Fig. 5). WIN, which
induced little or no b-arrestin-mediated signaling, elicited
short endocytic dwell times in cells expressing the wild-type
receptor (Flores-Otero et al., 2014). Remarkably, WIN elicited
prolonged dwell times in the S426A/S430A receptor, similar to
the dwell times obtained with 2-AG, which show a strong
correlation with b-arrestin signaling. Next, we explored the
intracellular localization of CB1R and b-arrestin 1. Surpris-
ingly, we observed receptor-b-arrestin 1 clusters in intracel-
lular compartments after incubation with WIN only with the
mutant receptor, suggesting a “stronger” interaction that is

Fig. 7. Transcripts selectively regulated by b-arrestin 1
signaling. HEK293 cells expressing either the wild-type or
S426A/S430A receptors were stimulated with 1 mMWIN for
2 hours. RNA was isolated and sequenced and results
analyzed as described in Materials and Methods. (A)
Transcripts that were differentially expressed in S426A/
S430A expressing cells treated withWIN. Shown as log2 fold
change. (B) Varied function of the differentially regu-
lated genes. The majority of differentially regulated genes
are involved in transcription and protein synthesis or
degradation.
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maintained after internalization. We tested this interaction
biochemically by immunoprecipitation. Supporting the idea
of a stronger (perhaps also a prolonged) interaction as a
mechanism to control b-arrestin-mediated signaling, the
S426A/S430A receptor successfully precipitated b-arrestin 1
after WIN treatment. Little or no b-arrestins were coprecipi-
tated with the wild-type receptor. Finally, we looked into the
hypothesis that specific GRKs are required for b-arrestin-
mediated signaling. By using siRNA technology, we observed
that GRKs were not necessary for the early activation of ERK
(G protein dependent). However, GRKs 4–6were necessary for
ERK1/2 phosphorylation by the S426A/S430A receptor. Taken
together this suggests that ligands eliciting b-arrestin-
mediated signaling induce conformations that are recognized
by specific GRKs, leading to a stronger interaction between
receptors and b-arrestins during the endocytic trafficking.
This prolonged interaction results in enhanced b-arrestin-
mediated signaling. Interestingly, these results indicate that
a high throughput approach to analyze this interaction could
be used to screen for b-arrestin biased compounds, providing
new tools for drug discovery.
Because b-arrestin-mediated signaling activates kinases

that control gene expression, we used transcriptomics to
identify genes targeted by the CB1R/b-arrestin pathways.
Interestingly, ∼70% of the genes specifically regulated by
b-arrestin-mediated signaling control gene transcription and
protein synthesis, suggesting a significant role of b-arrestin-
mediated signaling on the long-term effects of CB1R
activation.
MDM2, an E3 ubiquitin ligase previously implicated in

b-arrestin-mediated signaling from the b2 adrenergic recep-
tor, was upregulated selectively in S426A/S430A expressing
cells, suggesting a role for MDM2 in the regulation of CB1R
signaling (Shenoy et al., 2009). We additionally noted upreg-
ulation of several genes of the unfolded protein response
pathway (ATF4, ASNS, MTHFD2, HERPUD1, ATF3, TRIB3,
EIF2AK3, GADD45B, HSPA5, XBP1, GADD45A, and
PPP1R15A). Comparing activation of the ER-stress pathway
genes in cells expressing the S426A/S430A receptor we noted
important differences. Although the components of ER-stress
pathway were also activated in these cells, we noted the ATF4
arm of the ER-stress pathway was induced to a lower extent.
Two robust transcriptional targets of ATF4, CHAC1 and
TRIB3, were among the highest differentially expressed genes
noted comparing agonist stimulated wild-type versus b-arrestin
selective receptor expressing cells (Fig. 7B and Supplemental
data). Previous work has shown that the proapoptotic and
antitumor activity of cannabinoids is partially dependent on
TRIB3 and the Akt/mTORC1 pathway (Salazar et al., 2009).
Taken together these data indicate that b-arrestin could
mediate the and antitumor action of CB1Rs (Velasco et al.,
2012). Remarkably, the vascular endothelial growth factor A
(VEGFA) gene and the growth hormone GH1 were down-
regulated by b-arrestin-mediated signaling, hinting at a
molecular link between cannabinoids and cancer (Blázquez
et al., 2004). The transcription factor IRF2BPL, also known
as EAP1, was among the highest genes upregulated specif-
ically by b-arrestin-mediated signaling. Although little in-
formation is available on this gene and its function, it has
been proposed to modulate proenkephalin expression, sug-
gesting a new link between the cannabinoid system and pain
(Heger et al., 2007).

The complexity and specificity of GPCR signaling networks
controlled by b-arrestins provides the opportunity to develop
new therapeutic compounds with desired bias and reduced
side effects (Violin et al., 2010; Kenakin and Christopoulos,
2013; Luttrell, 2014). Our work together with others suggest
identification and screening of b-arrestin signatures as a
rational approach to the development of biased drugs and
propose that some of the positive effects associated with
cannabis use may be dependent on b-arrestin-mediated
signaling.
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Figure 1.  Receptor expression levels 

(A) HEK293 cells expressing either SEP-CB1R or SEP-CB1R S426/430A were imaged live-cell confocal 
microscopy in the presence of 0.01% triton X-100 (S4A). Fluorescence from SEP molecules is restricted 
to neutral compartment. Triton X-100 was added to the imaging media before confocal imaging to 
neutralize any intracellular compartments (acidic) and reveal all intracellular receptor pools. (B) live 
HEK293 cells expressing either SEP-CB1R or SEP-CB1R S426/430A were harvested in PBS and surface 
fluorescence was analyzed using an imaged based cytometer. Cell count versus fluorescence was ploted 
and analyzed. No significant difference was observed between groups (insert) (n=2057 cells were analyzed 
expressing wild-type receptors and n=3547 were analyzed expressing the mutant receptor). (C) HEK cells 
transfected with either SEP-CB1R or SEP-CB1R S426A/S430A in the same conditions as those utilized in 
the manuscript, were lysed in RIPA buffer and total receptor expression levels was analyzed by western 
blots utilizing antibodies against GFP/SEP. 

Figure 2. beta-arrestin 1 and 2 expression knock-out by siRNAs. 

Representative western blot depicts isoform-specific knockdown of endogenous beta-arrestin 1 and 2 
expression by siRNAs from HEK293 cells. Immunodetectable levels of GAPDH are shown as loading 
controls. 

Figure  3. Kinome antibody array analysis of CB1R activation.  

Dot blots evaluated by profiling phosphorylation of 43 human kinases. Lysates from untreated and agonist-
treated (1 µM WIN or 10 µM 2-AG for 5 and 15 min) cells expressing the wild-type or S426A/S430A 
receptor were applied to a nitrocellulose membrane spotted with antibodies for 43 kinases along with 
control antibodies.  Data are expressed as the fold change over basal level for each compound. The effect 
of beta-arrestin 1 knockdown (red) and PTX treatments are included.  

Figure 4.  Receptor internalization kinetics and beta-arrestin recruitment 

(A) Receptor endocytosis was analyzed in HEK293 cells expressing either SEP-CB1R or SEP-CB1R 
S426/430A  three days after transfection by TIRFM.  1μM WIN 55,212-2  was added and remained in the 
incubation media as indicated by the bar. Total surface fluorescence was analyzed in stable areas of the 
plasma membrane (n=7 and 10 for CB1R and CB1RS426/430A respectively, error bars represent SEM). 
(B) Beta-arrestin 1 recruitment was analyzed in HEK293 cells expressing beta-arrestin1-RFP with either 
SEP-CB1R or SEP-CB1R S426/430A. The addition of 1μM WIN 55,212-2 to the imaging media induced 
an increase in total average fluorescence proportional to the recruitment of beta-arrestin 1 (n=12 cells, 4 
different experiments, errors represent SEM). (C) Beta-arrestin 2 recruitment was analyzed in HEK293 
cells expressing beta-arrestin2-RFP with either SEP-CB1R or SEP-CB1R S426/430A. The addition of 1μM 
WIN 55,212-2 to the imaging media induced an increase in total average fluorescence proportional to the 
recruitment of beta-arrestin 2 (n=17 cells, 5 different experiments, errors represent SEM).  
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Figure 5. mRNA transcripts controlled by WIN in the mutant receptor versus wild type 
receptor  

HEK293 cells expressing the HA-tagged rat wild-type or S426/430A mutant receptors were treated 
with 1 μM WIN for 2 hrs. Differential expression was examined using DESeq2 (Bioconductor) at 
a 5% false discovery rate.  

Figure 6. mRNA transcripts exclusively controlled by WIN in the mutant versus untreated mutant 
receptor 

HEK293 cells expressing the HA-tagged rat wild-type or S426/430A mutant receptors were treated 
with 1 μM WIN for 2 hrs.  Transcripts specifically regulated by WIN in the mutant receptor versus 
the wild-type receptor are depicted. 
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log2FoldChange gene_name gene_id
0.756194486 HIST1H2BD ENSG00000158373.8
0.704708337 HIST1H2AC ENSG00000180573.9
0.544976822 HIST1H1C ENSG00000187837.3
0.496616124 IRF2BPL ENSG00000119669.4
0.481215381 IGFBP5 ENSG00000115461.4
0.428177503 EGR1 ENSG00000120738.7
0.375013166 CYB5D2 ENSG00000167740.7
0.358997836 SPRYD4 ENSG00000176422.11
0.329040231 MEF2C ENSG00000081189.11
0.327534522 MFSD11 ENSG00000092931.9

0.31695456 H1F0 ENSG00000189060.5
0.305891445 HEY2 ENSG00000135547.6
0.295409906 TP53INP1 ENSG00000164938.11
0.281853184 AMOT ENSG00000126016.11

0.27793488 FOXRED2 ENSG00000100350.12
0.261206643 RP6-24A23.7 ENSG00000261409.1
0.256378307 PIK3R1 ENSG00000145675.12
0.241896972 CARHSP1 ENSG00000153048.8
0.235379475 ARPIN ENSG00000242498.5
0.232670287 PIK3R3 ENSG00000117461.12
0.223488559 ZNF780A ENSG00000197782.12
0.206201696 SESN3 ENSG00000149212.8
0.206193493 VCAN ENSG00000038427.13
0.197579725 SKAP2 ENSG00000005020.10
0.196089659 SLIT2 ENSG00000145147.17

0.19421888 EIF4EBP2 ENSG00000148730.6
0.19371428 CBX5 ENSG00000094916.11

0.1916536 SPEN ENSG00000065526.8
0.190804685 SFT2D2 ENSG00000213064.7
0.190731559 KLF6 ENSG00000067082.12
0.189841518 FAM208A ENSG00000163946.11
0.188633178 MDM2 ENSG00000135679.19
0.186157629 DCP2 ENSG00000172795.13

0.17710899 IRS4 ENSG00000133124.11
0.175036409 SOX4 ENSG00000124766.5
0.171127186 LAMA4 ENSG00000112769.16

0.1686248 MTR ENSG00000116984.10
0.167291968 PIP4K2B ENSG00000276293.2
0.162184632 CDK1 ENSG00000170312.13
0.154901621 DDX17 ENSG00000100201.16
0.153536238 ZNF121 ENSG00000197961.9
0.148271893 TOP2A ENSG00000131747.12
0.143674123 USP22 ENSG00000124422.9
0.138877199 MCM6 ENSG00000076003.4
0.128724127 CAND1 ENSG00000111530.10
0.128476729 DCAF7 ENSG00000136485.12
0.128362605 PEG10 ENSG00000242265.3
0.125922463 TUBB ENSG00000196230.10
0.114728042 PERP ENSG00000112378.11
0.113499208 CSE1L ENSG00000124207.14
0.112692195 NCAPD2 ENSG00000010292.10
0.112639861 NUCKS1 ENSG00000069275.12
0.107116277 HUWE1 ENSG00000086758.13
0.098140679 MKI67 ENSG00000148773.10
0.092455396 MT-ND5 ENSG00000198786.2
0.077177724 PKM ENSG00000067225.15

-0.072967786 RPS4X ENSG00000198034.8
-0.084407491 HSP90AA1 ENSG00000080824.16
-0.084991614 GNB2L1 ENSG00000204628.9
-0.092470499 NACA ENSG00000196531.8
-0.093323929 RPL27 ENSG00000131469.10
-0.101584867 MT-CO1 ENSG00000198804.2
-0.102105396 RPS8 ENSG00000142937.9
-0.103178102 NOP56 ENSG00000101361.12
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-0.108690682 DDX21 ENSG00000165732.10
-0.109439689 ATP2A2 ENSG00000174437.14
-0.111048204 EIF3K ENSG00000178982.7
-0.112213983 RPL32 ENSG00000144713.10
-0.114099871 NCL ENSG00000115053.13
-0.114303238 RPL30 ENSG00000156482.8
-0.115008717 EIF5 ENSG00000100664.8
-0.115680567 PMAIP1 ENSG00000141682.11
-0.115733588 RPS18 ENSG00000231500.4
-0.116091951 UBB ENSG00000170315.11
-0.119032833 RPL8 ENSG00000161016.13
-0.119054402 VCL ENSG00000035403.14
-0.121583447 MARS ENSG00000166986.10
-0.121989827 RPL18 ENSG00000063177.10
-0.129562512 RPL13 ENSG00000167526.11
-0.129707247 RPS17 ENSG00000182774.8

-0.13078334 RPS12 ENSG00000112306.7
-0.132198398 RPL26 ENSG00000161970.10
-0.132417325 RPL19 ENSG00000108298.7
-0.132946757 EIF4A2 ENSG00000156976.12
-0.133126355 TXNRD1 ENSG00000198431.13
-0.134008434 HSPA9 ENSG00000113013.10
-0.134812014 RBM39 ENSG00000131051.18
-0.136555495 CLPTM1L ENSG00000049656.11
-0.136861818 MAP1B ENSG00000131711.12
-0.137108735 MTDH ENSG00000147649.7
-0.137231406 SRP72 ENSG00000174780.13
-0.137703738 OS9 ENSG00000135506.13
-0.139060883 TARS ENSG00000113407.11
-0.139492932 DDOST ENSG00000244038.7
-0.139952138 RPL13A ENSG00000142541.14
-0.139968495 ASNS ENSG00000070669.14
-0.143253062 RPL37 ENSG00000145592.11
-0.144647277 SHMT2 ENSG00000182199.8
-0.149594701 RPL35 ENSG00000136942.12
-0.149878422 CDV3 ENSG00000091527.13
-0.151167101 RCN1 ENSG00000049449.6
-0.151631036 ANXA5 ENSG00000164111.12
-0.151760563 RPN2 ENSG00000118705.14
-0.154291334 TAF7 ENSG00000178913.7
-0.154386776 KDELR2 ENSG00000136240.7
-0.155058724 RPS24 ENSG00000138326.16
-0.155173325 SRPR ENSG00000182934.9
-0.156334617 FKBP1A ENSG00000088832.12
-0.158314449 GOLGB1 ENSG00000173230.13
-0.158642484 AUP1 ENSG00000115307.14

-0.15926162 EIF2S2 ENSG00000125977.6
-0.159515985 SRP68 ENSG00000167881.12
-0.159712262 UBE2J1 ENSG00000198833.6
-0.159934983 ACBD3 ENSG00000182827.8
-0.161404853 OSBP ENSG00000110048.9
-0.163427573 SBDS ENSG00000126524.7
-0.163571497 HSPH1 ENSG00000120694.17
-0.164297615 RND3 ENSG00000115963.11
-0.164470821 RPL28 ENSG00000108107.10
-0.166222834 XPOT ENSG00000184575.9
-0.169484816 SARS ENSG00000031698.10
-0.170240932 SLC38A2 ENSG00000134294.11
-0.170457825 GARS ENSG00000106105.11

-0.17180348 MIA3 ENSG00000154305.14
-0.172296841 DDX3X ENSG00000215301.7
-0.172307195 SARAF ENSG00000133872.11
-0.173169169 MCFD2 ENSG00000180398.9
-0.173996581 AHSA1 ENSG00000100591.5

-0.17429897 COPB2 ENSG00000184432.7



-0.174445774 SLC38A1 ENSG00000111371.13
-0.174975906 USP36 ENSG00000055483.17
-0.176150277 C6orf48 ENSG00000204387.10
-0.177516161 KRT18 ENSG00000111057.8
-0.178671702 IDI1 ENSG00000067064.8
-0.178865938 PSMC4 ENSG00000013275.5
-0.179390195 FTH1 ENSG00000167996.13
-0.180200161 SLC7A1 ENSG00000139514.10
-0.182606774 GNL3 ENSG00000163938.14
-0.183984836 TMEM214 ENSG00000119777.16
-0.184176225 RPS2 ENSG00000140988.13
-0.187201677 PVR ENSG00000073008.12
-0.187299812 COPA ENSG00000122218.12
-0.187361522 CKAP4 ENSG00000136026.11
-0.187745238 RPL12 ENSG00000197958.10
-0.188048615 MTHFD2 ENSG00000065911.9
-0.188080389 IGF1R ENSG00000140443.11
-0.189588805 TPM4 ENSG00000167460.12
-0.190629313 COPB1 ENSG00000129083.10
-0.191302591 TTC17 ENSG00000052841.12
-0.191397977 VMP1 ENSG00000062716.8
-0.192527011 MORF4L2 ENSG00000123562.14
-0.193727567 ACTB ENSG00000075624.11
-0.194930758 C16orf58 ENSG00000140688.14
-0.195688863 SAP18 ENSG00000150459.10
-0.196447666 TRIM11 ENSG00000154370.11
-0.196591053 UFD1L ENSG00000070010.16
-0.196603234 GORASP2 ENSG00000115806.10
-0.196674725 DNAJA1 ENSG00000086061.13
-0.196896995 TPT1 ENSG00000133112.14
-0.196924133 FOSL2 ENSG00000075426.9
-0.197090532 FAM46A ENSG00000112773.13

-0.19756713 UBE2O ENSG00000175931.10
-0.198045879 CEBPG ENSG00000153879.6
-0.200182859 HDLBP ENSG00000115677.14
-0.200643814 VEGFA ENSG00000112715.18
-0.201560551 ANXA1 ENSG00000135046.11
-0.201974988 SLC39A7 ENSG00000112473.14
-0.203171141 TIMM17A ENSG00000134375.8
-0.203645305 SRPRB ENSG00000144867.9
-0.204525296 UBXN1 ENSG00000162191.11
-0.205596225 RPS6 ENSG00000137154.10
-0.207582335 ARF1 ENSG00000143761.11
-0.210140723 PREB ENSG00000138073.11
-0.210483751 LMAN1 ENSG00000074695.5
-0.210970096 BTG2 ENSG00000159388.5
-0.213722214 UAP1 ENSG00000117143.11
-0.213957165 SLC7A11 ENSG00000151012.11
-0.215576068 TMED10 ENSG00000170348.6
-0.216373736 LRRC59 ENSG00000108829.9
-0.217258352 CSRP1 ENSG00000159176.11
-0.219615325 DNAJC10 ENSG00000077232.14
-0.219668819 ZNF331 ENSG00000130844.14
-0.221097735 SURF4 ENSG00000148248.11
-0.223775187 RPL18A ENSG00000105640.10
-0.224091797 SERPINH1 ENSG00000149257.11
-0.228354961 ZBTB21 ENSG00000173276.11
-0.229305634 SF3B5 ENSG00000169976.6

-0.22970786 RPN1 ENSG00000163902.9
-0.229965077 CALU ENSG00000128595.14
-0.233095578 TPM1 ENSG00000140416.17
-0.233208814 KIF1A ENSG00000130294.12
-0.234898186 EIF2AK3 ENSG00000172071.9
-0.234961365 STT3A ENSG00000134910.10
-0.235301244 MAGT1 ENSG00000102158.17



-0.235980797 ZYX ENSG00000159840.13
-0.236554 CALR ENSG00000179218.11

-0.237046509 FTL ENSG00000087086.11
-0.238664882 SYVN1 ENSG00000162298.14
-0.241189645 ERP44 ENSG00000023318.7
-0.241223833 CD55 ENSG00000196352.11
-0.241496808 TMED2 ENSG00000086598.8
-0.242020843 NDRG1 ENSG00000104419.12
-0.243083224 CDC6 ENSG00000094804.7
-0.243394897 DNAH17 ENSG00000187775.14
-0.244347154 IFRD1 ENSG00000006652.11
-0.244848991 SLC39A14 ENSG00000104635.11
-0.245353394 TMED5 ENSG00000117500.10
-0.246173132 TSC22D3 ENSG00000157514.14
-0.248249095 SEC63 ENSG00000025796.11
-0.248475527 STC2 ENSG00000113739.8
-0.250109456 TFRC ENSG00000072274.10

-0.2509605 CREB3L2 ENSG00000182158.12
-0.250999195 SEC23B ENSG00000101310.12
-0.251940583 CITED2 ENSG00000164442.9
-0.252682146 DUSP1 ENSG00000120129.5
-0.252705883 JMJD6 ENSG00000070495.12
-0.252875053 SSR1 ENSG00000124783.10
-0.253494186 GABARAPL1 ENSG00000139112.8
-0.253590457 COL12A1 ENSG00000111799.18

-0.26009318 ERLEC1 ENSG00000068912.11
-0.260611449 DUSP14 ENSG00000276023.2
-0.260892692 GLA ENSG00000102393.7
-0.261416085 PPP1R15A ENSG00000087074.7

-0.26273262 CCDC59 ENSG00000133773.9
-0.265286488 BAG3 ENSG00000151929.7
-0.265597302 RRBP1 ENSG00000125844.13
-0.266110779 TSPYL2 ENSG00000184205.12
-0.267287431 UFM1 ENSG00000120686.9
-0.267343982 COPG1 ENSG00000181789.12
-0.268944646 INSIG1 ENSG00000186480.10
-0.274111537 SEC13 ENSG00000157020.15
-0.275174518 TMED9 ENSG00000184840.9
-0.278942085 ZDBF2 ENSG00000204186.5
-0.281799934 HSPA13 ENSG00000155304.5
-0.284221298 KIF5C ENSG00000168280.14
-0.284281589 SPCS2 ENSG00000118363.9

-0.28995099 GFPT1 ENSG00000198380.10
-0.290922775 SEC61A1 ENSG00000058262.7
-0.290991671 ADAMTS1 ENSG00000154734.12
-0.291011084 CREM ENSG00000095794.17
-0.292515568 NFIL3 ENSG00000165030.3
-0.297362383 RHOQ ENSG00000119729.8

-0.29812368 PDIA6 ENSG00000143870.10
-0.298806272 ZNF229 ENSG00000278318.2

-0.29958275 CANX ENSG00000127022.12
-0.300552779 TRAM1 ENSG00000067167.5
-0.301210752 SND1 ENSG00000197157.8
-0.302751042 HEXIM1 ENSG00000186834.3

-0.30585103 WARS ENSG00000140105.15
-0.311193909 SYAP1 ENSG00000169895.5
-0.312351909 SLC7A5 ENSG00000103257.6
-0.312506838 ARF4 ENSG00000168374.8
-0.314592586 HM13 ENSG00000101294.14
-0.314756024 PDIA3 ENSG00000167004.10
-0.317259116 EPHA2 ENSG00000142627.11
-0.320279318 UBC ENSG00000150991.12
-0.323078522 SLFN11 ENSG00000172716.14
-0.325785876 HK2 ENSG00000159399.7
-0.326419515 PHLDB2 ENSG00000144824.17



-0.330693869 CHMP1B ENSG00000255112.2
-0.334477121 PGM3 ENSG00000013375.13
-0.335781987 XBP1 ENSG00000100219.14
-0.335979166 SLC35B1 ENSG00000121073.11
-0.337014595 FAM129A ENSG00000135842.14
-0.338561754 SEC11C ENSG00000166562.6
-0.340403509 P4HB ENSG00000185624.12
-0.341707975 CNN2 ENSG00000064666.12
-0.344280457 ARFGAP3 ENSG00000242247.8
-0.346353629 C19orf10 ENSG00000074842.5
-0.346422254 SSR2 ENSG00000163479.11
-0.346487288 GOLGA5 ENSG00000066455.10
-0.348570161 PTP4A1 ENSG00000112245.7

-0.34902443 GMPPB ENSG00000173540.10
-0.350797342 SLC1A4 ENSG00000115902.8
-0.356424127 TMEM39A ENSG00000176142.10
-0.359046881 HSPB8 ENSG00000152137.4
-0.360359278 SEL1L ENSG00000071537.11
-0.361714337 ITPRIP ENSG00000148841.13
-0.361974844 OSTC ENSG00000198856.10
-0.362706649 HSPA8 ENSG00000109971.11
-0.365919808 NUCB2 ENSG00000070081.13

-0.36595 DNAJC3 ENSG00000102580.12
-0.371779481 ERO1LB ENSG00000086619.11
-0.384984283 PTGS2 ENSG00000073756.9
-0.391000798 DNAJB1 ENSG00000132002.5
-0.391330944 SSR4 ENSG00000180879.11
-0.395350403 VIMP ENSG00000131871.12

-0.39656917 ANKRD1 ENSG00000148677.6
-0.39735974 GMPPA ENSG00000144591.15

-0.400791201 PMEPA1 ENSG00000124225.13
-0.406232375 MAFK ENSG00000198517.7
-0.435433076 NEDD9 ENSG00000111859.14
-0.440001553 PPIB ENSG00000166794.4
-0.448176554 SERP1 ENSG00000120742.8
-0.450211621 SSR3 ENSG00000114850.4
-0.452550826 MBNL2 ENSG00000139793.16
-0.455320795 NANS ENSG00000095380.10
-0.457716612 TRIM5 ENSG00000132256.16
-0.478469369 FOSB ENSG00000125740.11
-0.479545955 EIF4A1 ENSG00000161960.12
-0.482983957 HSP90B1 ENSG00000166598.10

-0.48576515 PDIA5 ENSG00000065485.15
-0.489120583 ELL2 ENSG00000118985.12
-0.517195973 MANF ENSG00000145050.13
-0.518875854 HSPA1B ENSG00000204388.6
-0.522001206 FKBP2 ENSG00000173486.10
-0.528596848 DNAJB11 ENSG00000090520.8
-0.539390751 SLC2A3 ENSG00000059804.13
-0.540893845 FICD ENSG00000198855.4
-0.568562201 CHAC1 ENSG00000128965.9
-0.581409315 SELK ENSG00000113811.8
-0.582739686 TRIB3 ENSG00000101255.8
-0.588586026 CDK2AP2 ENSG00000167797.5

-0.6028449 HYOU1 ENSG00000149428.16
-0.602964399 PDIA4 ENSG00000155660.8
-0.606225909 HSPA1A ENSG00000204389.9

-0.62371381 PPAPDC1B ENSG00000147535.14
-0.62853397 WIPI1 ENSG00000070540.10
-0.64184692 GLIPR1 ENSG00000139278.7

-0.649215685 DERL3 ENSG00000099958.12
-0.651474292 HERPUD1 ENSG00000051108.12
-0.651964524 HSPA5 ENSG00000044574.7
-0.679393234 HID1 ENSG00000167861.13
-0.690259591 DNAJB9 ENSG00000128590.4



-0.70882547 CRELD2 ENSG00000184164.12
-0.733025061 SDF2L1 ENSG00000128228.4
-0.784240922 SEC24D ENSG00000150961.12
-0.845014629 ACTBL2 ENSG00000169067.3
-0.889839799 CYR61 ENSG00000142871.13
-0.983024239 KRT17 ENSG00000128422.13
-1.156678504 TAC1 ENSG00000006128.9
-1.212235778 NR4A3 ENSG00000119508.15
-1.244382511 NR4A2 ENSG00000153234.11

-1.2919287 CTGF ENSG00000118523.5
-1.71379434 NR4A1 ENSG00000123358.17
-3.30547802 GH1 ENSG00000259384.4



ENSEMBL Gene Abbr name
log2fold 
change

Fold change

ENSG00000128965.9 CHAC1 -0.57 0.67
ENSG00000173486.10 FKBP2 -0.52 0.70
ENSG00000161960.12 EIF4A1 -0.48 0.72
ENSG00000149257.11 SERPINH1 -0.45 0.73
ENSG00000124225.13 PMEPA1 -0.4 0.76
ENSG00000180879.11 SSR4 -0.39 0.76
ENSG00000276023.2 DUSP14 -0.29 0.82
ENSG00000168280.14 KIF5C -0.28 0.82
ENSG00000118363.9 SPCS2 -0.28 0.82
ENSG00000068912.11 ERLEC1 -0.26 0.84
ENSG00000070495.12 JMJD6 -0.25 0.84
ENSG00000117500.10 TMED5 -0.24 0.85
ENSG00000169976.6 SF3B5 -0.23 0.85
ENSG00000112715.18 VEGFA -0.2 0.87
ENSG00000167996.13 FTH1 -0.18 0.88
ENSG00000140988.13 RPS2 -0.18 0.88
ENSG00000204387.10 C6orf48 -0.176 0.89
ENSG00000180398.9 MCFD2 -0.17 0.89
ENSG00000134294.11 SLC38A2 -0.17 0.89
ENSG00000167881.12 SRP68 -0.16 0.90
ENSG00000138326.16 RPS24 -0.16 0.90
ENSG00000164111.12 ANXA5 -0.15 0.90
ENSG00000182199.8 SHMT2 -0.145 0.90
ENSG00000108298.7 RPL19 -0.13 0.91
ENSG00000124422.9 USP22 0.14 1.10
ENSG00000116984.10 MTR 0.17 1.13
ENSG00000148730.6 EIF4EBP2 0.19 1.14
ENSG00000242498.5 ARPIN 0.235 1.18
ENSG00000153048.8 CARHSP1 0.24 1.18
ENSG00000100350.12 FOXRED2 0.28 1.21
ENSG00000135547.6 HEY2 0.3 1.23
ENSG00000092931.9 MFSD11 0.33 1.26
ENSG00000081189.11 MEF2C 0.33 1.26
ENSG00000167740.7 CYB5D2 0.38 1.30
ENSG00000119669.4 IRF2BPL 0.5 1.41

Supplemental figure 6
Exclusive transcripts controlled by beta-arrestins
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