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ABSTRACT
Heterologous sensitization of adenylyl cyclase (AC) is revealed
as enhanced or exaggerated AC/cAMP signaling that occurs
following persistent activation of Gai/o-coupled receptors. This
paradoxical phenomenon was discovered more than 40 years
ago and was proposed as a cellular mechanism to explain the
adaptive changes that occur following chronic exposure to drugs
of abuse. However, the underlying molecular mechanisms of
heterologous sensitization of AC remain largely unknown. In the
present study, we performed a genome-wide cell-based RNA
interference screen as an unbiased approach to identify genes
associated with heterologous sensitization of AC. Following
a series of validation and confirmation assays, three genes that
form an E3 ligase complex, cullin3 (CUL3), neural precursor-
cell–expressed and developmentally downregulated 8 (NEDD8),
and really interesting new gene (RING)-box protein 1 (RBX1),
were identified as specific modulators of heterologous sensi-
tization of AC. Furthermore, based on the downstream actions
of these genes, we evaluated the activity of proteasome
inhibitors as well as the specific NEDD8-activating enzyme
inhibitor, MLN4924 (Pevonedistat), in AC sensitization. We
demonstrate that MG-132 and bortezomib treatments could
mimic the inhibitory effects observed with gene knockdown,

and MLN4924 was potent and efficacious in blocking the
development of heterologous sensitization of endogenous and
recombinant AC isoforms, including AC1, AC2, AC5, and AC6.
Together, by using genetic and pharmacological approaches,
we identified, for the first time, cullin3-RING ligases and the
protein degradation pathway as essential modulators for
heterologous sensitization of AC.

SIGNIFICANCE STATEMENT
Through a genome-wide cell-based RNA interference screening,
we identified three genes that form an E3 ligase complex, cullin3,
neural precursor-cell–expressed and developmentally down-
regulated 8 (NEDD8), and really interesting new gene–box protein
1, as specific modulators of heterologous sensitization of AC. The
effect of cullin3, NEDD8, or really interesting new gene–box protein
1 small interfering RNAs on heterologous sensitization was re-
capitulated by proteasome inhibitors, MG132 and bortezo-
mib, and the specific NEDD8-activating enzyme inhibitor,
MLN4924. These results suggest a novel hypothesis in which
protein degradation is involved in the sensitization of AC
signaling that occurs following chronic activation of Gai/o-cou-
pled receptors.

Introduction
Adenylyl cyclases (AC) are enzymes that convert ATP into

cAMP. Nine membrane-bound AC isoforms, AC1–AC9, have
been identified in mammalian cells. They all share an overall
similar structure, which is composed of three intracellular
domains (N-terminus and C1 and C2 domains) separated by

two clusters of six transmembrane helices (M1 and M2). All
nine isoforms are stimulated by GTP-bound Gas (Dessauer
et al., 2017); however, the isoforms are generally divided into
four subgroups depending on their distinct regulatory prop-
erties. AC1, AC3, and AC8, which belong to subgroup I, are
activated by Ca21/calmodulin. Subgroup II includes AC2,
AC4, and AC7, which are conditionally activated by Gbg in
the presence of Gas. Only AC5 and AC6 are inhibited by
physiologic concentrations of Ca21, and they belong to sub-
group III. Whereas isoforms AC1–8 are stimulated by for-
skolin, AC9 is relatively forskolin insensitive and is the sole
member of subgroup IV (Dessauer et al., 2017).
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small interfering RNA.
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G protein–coupled receptors (GPCRs) convey extracellular
signals into intracellular signals via heterotrimeric G pro-
teins. Activation of aGas-coupled receptor elicits a stimulatory
effect on AC activity, leading to the conversion of ATP into the
second messenger cAMP, whereas the activation of Gai/
Gao-coupled receptors results in an inhibitory effect on AC
activity and subsequent cAMP production. However, a study
from Dr. Marshall Nirenberg’s laboratory in 1975 (Sharma
et al., 1975) reported a compensatory increase in AC activity in
NG108-15 cells after persistent activation of d-opioid receptors
by morphine. Later, substantial evidence showed that this
phenomenon is commonly shared by several other Gai/o-cou-
pled receptors (Watts andNeve, 2005). This response has been
referred to by several names, including cAMP overshoot, AC
superactivation, and heterologous sensitization of AC, and it
has been observed for several, but not all, AC isoforms in
a number of cellular models (Cumbay and Watts, 2001). In
addition to these in vitro observations, AC sensitization has
also been observed in vivo. For instance, repeated injections of
D2 dopamine receptor (D2R) or opioid receptor agonists leads
to increased AC/cAMP signaling in rodent striatal neurons
and the locus coeruleus (Duman et al., 1988; Chester et al.,
2006; Aloisi et al., 2011).
A number of mechanistic studies have explored heterolo-

gous sensitization as a signaling event involving pathways
associated with a variety of GPCR signaling components
(Brust et al., 2015). For example, it has been observed that
the Gao subunit more readily supports sensitization when
compared with Gai subunit–mediated sensitization by D2R
and m-opioid receptors in NS20Y neuroblastoma (Watts et al.,
1998) and C6 glioma cells (Clark et al., 2004), respectively.
Studies have also revealed that sequestering Gbg subunits
prevents sensitization of multiple Gai/o-coupled receptors
(Brust et al., 2015), possibly through modulation of signal-
osome assembly (Ejendal et al., 2012). Activators of G protein
signaling and regulators of G protein signaling proteins
play a modulatory role in AC sensitization as well (Brust
et al., 2015). For example, activator of G protein signal-
ing 3 expression has been shown to prevent Gai/o-coupled
receptor–induced sensitization in both CHO and human
embryonic kidney (HEK) cells (Sato et al., 2004; Conley and
Watts, 2013). Similarly, the involvement of multiple protein
kinases in heterologous sensitization has been demonstrated.
For example, inhibition of Raf-1 attenuated heterologous
sensitization mediated by m-opioid receptors in CHO cells
(Varga et al., 2002) and by prolonged morphine treatment in
primary rat dorsal root ganglion neurons (Yue et al., 2008). AC
isoform–specific mechanisms have also been reported for
which Gas is required for the expression of heterologous
sensitization of AC5 but not for AC1 (Vortherms et al.,
2006). These cell-based observations suggest that the underly-
ing mechanisms of heterologous sensitization of AC are
complex and involve receptor-, G protein–, andAC isoform–specific
mechanisms.
In an effort to identify potential novel pathways, we de-

veloped and executed a genome-wide cell-based RNA inter-
ference (RNAi) screen against.18,000 individual genes as an
unbiased approach to identify genes associated with heterol-
ogous sensitization of AC. HEK cells expressing D2 dopamine
receptors in conjunction with AC6 (HEK-AC6/D2 cells) were
used as the cellular model system for the screen, and sub-
sequent validation analyses were carried out using both

HEK-AC6/D2 andHEK-D2L cells. Using both cellular models,
we validated the requirement of three genes, CUL3, neural
precursor-cell–expressed and developmentally downregu-
lated 8 (NEDD8), and RING-box protein 1 (RBX1), in regu-
lating heterologous sensitization. These genes are part of the
E3 ligase complex, and the effect of CUL3, NEDD8, or RBX1
small interfering RNA (siRNA) transfection was mimicked by
proteasome inhibitors MG132 and bortezomib. Moreover,
MLN4924 (Soucy et al., 2009), the specific NEDD8-activating
enzyme (NAE) inhibitor, also prevented heterologous sensitiza-
tion of endogenous and recombinantAC isoforms, includingAC1,
AC2, AC5, andAC6, suggesting that the neddylation pathway,
especially the cullin3-RING ligases, may be part of the
fundamental mechanism for the development of heterologous
sensitization.

Materials and Methods
Compounds and Other Chemicals Used

Forskolin, [D-Pen2, D-Pen5] enkephalin, and phorbol 12-myristate
13-acetate were purchased fromTocris (Ellisville,MO).MLN4924was
purchased from Cayman Chemical (Ann Arbor, MI). HEPES and
EDTA were purchased from Fisher Scientific (Pittsburg, PA). Quin-
pirole, spiperone, [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO),
naloxone, naltrindole, A23187, 3-isobutyl-1-methylxanthine (IBMX),
Tween 20, Triton X-100, MgCl2, Tris, and beta-cyclodextrin were
purchased from Sigma-Aldrich (St. Louis, MO). pcDNA3-myc-CUL3
was a gift from Yue Xiong (plasmid 19893; Addgene), and pcDNA3-
DN-hCUL3-FLAG was a gift from Wade Harper (plasmid 15820;
Addgene).

Cell Culture

HEK293 cells stably expressing the D2L receptor (HEK-D2L), AC1
with the D2L receptor (HEK-AC1/D2), AC2 with the D2L receptor
(HEK-AC2/D2), AC5 with the D2L receptor (HEK-AC5/D2), AC6 with
D2L receptor (HEK-AC6/D2), or AC5 with the MOR1 receptor (HEK-
AC5/MOR1) were maintained in DMEM (Gibco, Thermo Fisher
Scientific) supplemented with 5% fetal clone I serum (Hyclone, Logan,
UT), 5% bovine calf serum (Hyclone), 1% Antibiotic-Antimycoctic (Life
Technologies), and puromycin (Sigma) (HEK-D2L) or puromycin and
G418 (Sigma) (HEK-AC1/D2,HEK-AC2/D2,HEK-AC5/D2,HEK-AC6/
D2, HEK-AC5/MOR1). NG108-15 cells were maintained in DMEM
supplemented with 2% glutamine (Sigma) and 10% fetal bovine serum
(Hyclone). All cell lines were cultured at 37°C with 5% CO2.

For cryopreservation, cells were harvested with nonenzymatic cell
dissociation buffer, resuspended in cell culturemedia, and centrifuged
for 5 minutes at 500g. Cell pellet was resuspended in FBS supple-
mented with 10% DMSO (Sigma), and cell suspension was aliquoted
and frozen gradually. Frozen cells were stored in liquid N2 until use.

siRNA Screening at the University of Michigan Center for
Chemical Genomics

RNAi Library and Cell Plating. The genome-wide cell-based
RNAi high-throughput screen was conducted in collaboration with the
Center for Chemical Genomics at the University of Michigan, and the
data were uploaded toMScreen (Jacob et al., 2012) for its analysis and
storage. The screen was performed using the Dharmacon human
whole siGENOME SMART-POOL library (GE Healthcare). A non-
targeting siRNA control, Smartpool2 (Scr), and aGas-targeting siRNA
(GNAS siRNA) were used as negative and positive controls, respec-
tively. Positive and negative siRNA controls were included on each
plate, and each library plate was screened as independent triplicates.
All siRNAs were spotted and assayed in sterile tissue culture–treated
384-well assay plates (part 6007688; PerkinElmer, Boston, MA) using
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the Biomek FX (Beckman Coulter, Fullerton, CA). Lipofectamine
RNAiMAX (Thermo Fisher Scientific) was diluted in Opti-MEM,
incubated for 5 minutes at RT, and added to the siRNA-spotted plates
using an automated dispenser (Multidrop Combi; Thermo Fisher
Scientific). Following a 30-minute incubation at RT, cryopreserved
HEK293 cells expressing rat AC6 and human D2 dopamine receptor
(HEK-AC6/D2) were thawed, counted, and dispensed to the siRNA-
and Lipofectamine-containing plates using the Multidrop Combi. The
plates were centrifuged briefly and then incubated for approximately
70 hours in a humidified incubator at 37°C with 5% CO2. The final
concentrations per well were 40 nM siRNA, 0.072 ml RNAiMAX,
10% heat-inactivated FBS (Hyclone), and 1000 cells (HEK-AC6/D2) in
a total volume of 30 ml.

Heterologous Sensitization and cAMP Accumulation Meas-
urements. To induce heterologous sensitization, the cells were
subjected to either vehicle or the D2R agonist, quinpirole (1 mM final
concentration), for 2 hours at 37°C with 5% CO2. The plate was
equilibrated to RT for 30 minutes before stimulation of cAMP
accumulation by the addition of forskolin in the presence of the D2R
antagonist, spiperone (1 mM final concentration), and the phosphodi-
esterase inhibitor, IBMX (Sigma) (500 mM final concentration). After
1 hour of forskolin-mediated stimulation, the volume was reduced to
15 ml, and cell viability was measured by adding 5 ml CellTiter-Fluor
(Promega, Madison, WI), resuspended according to the manufac-
turer’s protocol. After 1 hour incubation at RT with the CellTiter-
Fluor, fluorescence (Ex 390/20, Em 505/20) was measured with the
PHERAstar plate reader (BMG Labtech, Cary, NC). After a total
forskolin-mediated stimulation time of 2.5 hours, the reaction was
stopped by the addition of the homogenous time-resolved fluores-
cence cAMP detection reagents, d2-labeled cAMP and Cryptate-
labeled anti-cAMP antibody (Cisbio, Bedford, MA). Fluorescence
(Ex 330/80, Em 615/10 and 665/7) was measured on the EnVision
2104 Multilabel Reader (PerkinElmer Inc.) after 1 hour incubation
with the cAMP reagents at RT. To determine the relative cAMP
accumulation per well, the ratio of 665 nm/615 nm fluorescence
values was calculated.

Data Analysis. For analysis, data were computed for siRNA
samples and controls on the screening plates using the ratio of
fluorescence signal emitted at 665 nm over 615 nm. Data were
uploaded to MScreen and analyzed. The computed data for the siRNA
sample wells was reported as percentage (%) activity normalized to
the negative control wells (0% activity) and the positive control wells
(100%activity). The resulting% activitywas further normalized to cell
viability, calculated by normalizing the computed Cell-Titer Fluor
data per well to lysed cells (0% viability) and the nontargeting Scr
(100% viability). Knockdown of genes that reduced the heterologous
sensitization phenotype of AC6 by at least 60% but did not reduce cell
viability by more than 40% in two out of the three replicates were
selected as hits. This resulted in a hit set of 607 genes (3.4%). From
this set, 140 genes were selected for further validation using the four
individual siRNAs contained in the pooled siRNAs used for screening
(siGENOME; Dharmacon).

siRNA Validation

Individual siRNAs targeting the 140 genes were diluted in Opti-
MEM and manually added to sterile tissue culture–treated 384-well
assay plates (PerkinElmer). Lipofectamine RNAiMAX (Thermo
Fisher Scientific) was diluted in Opti-MEM media, incubated for
5 minutes, and added to the siRNA-containing plates. Mixture of
Lipofectaimine and siRNAs was incubated at RT for 30 minutes. Cells
were thawed, rinsed, and resuspended in prewarmed Opti-MEM,
counted in an automated cell counter (Invitrogen), and added to the
plates. The final concentrations per well were 40 nM siRNA, 0.072 ml/
well RNAiMAX, 10% heat-inactivated FBS, and 1000 HEK-AC6/D2
cells in a total volume of 30 ml. Then, the plates were incubated for
approximately 72 hours in a humidified incubator at 37°C with
5% CO2.

DNA Plasmid Transfection

Briefly, DNA plasmids were first diluted in Opti-MEM to the
desired concentrations. Lipofectamine 2000 (Thermo Fisher Scien-
tific) was diluted in Opti-MEM according to the manufacturer’s
suggested ratio of Lipofectamine/DNA and incubated for 5 minutes.
DNA and Lipofectamine solutions were mixed, followed by incubation
at RT for 30 minutes, and added to the cells dropwise. Cells were
transfected for approximately 48 hours prior to being used for the
cAMP/immunoblot assays.

cAMP Accumulation in Cells

To induce heterologous sensitization of AC, the cells were subjected
to either vehicle or the indicated Gai-coupled receptor agonist for the
indicated time in the incubator (37°C with 5% CO2). Then, cells were
incubated at RT for 1 hour after the addition of the respective AC
activators in the presence of the indicated Gai-coupled receptor
antagonist and IBMX (500 mM final concentration). The reaction
was stopped by the addition of the HTRF cAMP detection reagents
(Cisbio). To examine acute activity of ACs, cells were incubated at RT
for 1 hour after the addition of the selective AC stimulants in the
presence of IBMX. For time course experiments, cells were treated
with 2.5 mM spiperone to inhibit D2R-mediated signaling at the
indicated time point, followed by stimulation with 1 mM forskolin.
Reactions were stopped by the addition of the Cisbio cAMP detection
reagents. After the addition of the cAMP reagents, the plates were
incubated for 1 hour at RT, and fluorescence (Ex 330/80, Em 615/10,
and 665/7) was measured on a Synergy 4 (Biotek) plate reader. To
determine the cAMP values, the 665/620 ratio was calculated, and
cAMP accumulation per well was computed by extrapolating the ratio
from a standard curve of known concentrations of cAMP.

Cell Viability Assays

Cell viability assays were conducted for the HEK-AC6/D2 cells
following siRNA transfection or drug incubation protocols as pre-
viously described in cAMP Accumulation in Cells. The CellTiter-Fluor
kit from Promega was used according to the manufacturer’s instruc-
tions to measure viability of the cells. After 1 hour incubation at RT
with the Cell-Titer Fluor reagent, fluorescence (Ex 390/20, Em 505/20)
was measured using the Synergy 4. Cell viability was reported as
percentage (%) of vehicle (100% viability) and the negative control,
2% Triton X-100 (0% viability).

Immunoblot Quantification Analysis

Cells were harvested from six-well plates and resuspended in
prewarmed Opti-MEM 48 and 72 hours after DNA plasmid or siRNA
transfection, respectively. A small fraction of cells was plated in a 384-
well plate for functional assays, and the rest of the cells were used for
the immunoblot analysis. Cells were rinsed with ice-cold PBS,
resuspended in radioimmunoprecipitation assay buffer (150 mM
NaCl, 1% Triton X-100, 50 mM Tris-HCl, pH 7.6, 0.1% SDS, 0.5% so-
dium deoxycholate) supplemented with protease inhibitor cocktail
(Sigma), and incubated on ice for 30 minutes. The protein concentra-
tion was determined using a BCA assay kit (Pierce, Thermo Fisher
Scientific) according to themanufacturer’s instructions. Samples were
prepared in protein-loading buffer (100 mM Tris-HCl, pH 6.8,
6% sucrose, 2% SDS, 5% 2-mercaptoethanol, 0.01% bromophenol
blue), diluted to desired concentration, and boiled at 100°C for
5minutes. Then, protein samples were loaded onto a 4%—15%precast
gradient polyacrylamide gel (BIO-RAD, Hercules, CA) to separate the
proteins by SDS-gel electrophoresis. Proteins were transferred from
the gel onto a PVDF membrane (Millipore, Bedford, MA) that was
blocked with 5% nonfat milk dissolved in Tris-buffered saline/Tween
20 at RT for 30minutes. Proteinswere detectedwith anti-Gas/olf (C-18;
Santa Cruz Biotechnology, TX), anti-cullin3 (SAB4200180; Sigma),
anti-NEDD8 (Y297; Abcam), anti-RBX1 [EPR6850(B); Abcam], anti-
actin (A2066; Sigma), anti-Myc (9B11; Cell Signaling), and anti-flag
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(F7425; Sigma) primary antibodies followed by secondary antibodies,
goat anti-mouse IgG (925-68070; LI-COR) or goat anti-rabbit IgG (925-
32211; LI-COR). The blotted membranes were scanned with an
Odyssey CLx (LI-COR), and the intensity of the bands was quantified
by using Image Studio Software (LI-COR).

Statistical Analysis

All data are presented as mean 6 S.E.M. (n $ 3). Comparisons
between two groupswere done using Student’s t test (e.g., immunoblot
quantification). Comparisons among multiple groups under one
condition were done using one-way ANOVA (e.g., cAMP assays in
dose-dependent gene experiments), and comparisons among multiple
groups under two different conditions were performed using two-way
ANOVA (e.g., cAMP assay after drug pretreatment) to determine
significant differences. The threshold for statistical significance was
set at P , 0.05, and Dunnett’s, Tukey’s, and Bonferroni’s multiple-
comparison test were used as indicated in the legends for post hoc
analyses. For time course experiments, at each time point, unstimu-
lated (no forskolin) vehicle-treated (no quinpirole) cells were normal-
ized to 0%, and forskolin-stimulated vehicle-treated cells (no
quinpirole) were normalized to 100% activity.

Results
Development and Execution of a Cell-Based RNAi

Genome-Wide Screen for Regulators of Heterologous
Sensitization of AC. Heterologous sensitization of AC is an
adaptive phenomenon that occurs following persistent activa-
tion of Gai/o-coupled receptors. The present study used
HEK293 cells stably expressing the D2 dopamine receptor in
conjunction with AC6 (HEK-AC6/D2 cells) as a model for
genome-wide siRNA screening. Persistent activation of the
D2R with quinpirole (2-hour pretreatment) followed by stim-
ulation of AC6 with forskolin revealed a robust enhancement
of cAMP accumulation (Fig. 1A). The concentration response
curve for forskolin-stimulated cAMPaccumulation in quinpirole-
treated cells was markedly left-shifted with no change in the
maximal response. Inspection of the dose response further
showed that quinpirole treatment produced a heterologous
sensitization response that was enhanced $15-fold over

vehicle-treated cells at 300 nM forskolin, providing for
selective stimulation of AC6 in HEK293 cells (Fig. 1A). Prior
to initiating the genome-wide siRNA screen, we confirmed the
appropriate activity of our positive control, GNAS-targeting
siRNA, and negative control nontargeting (scrambled, Scr
siRNA) in heterologous sensitization of AC in HEK-AC6/D2
cells and showed that the sensitization response was silenced
by .95% following GNAS siRNA transfection (Fig. 1B).
Furthermore, immunoblot analysis using an anti-Gas anti-
body verified that the expression of Gas protein was markedly
reduced following GNAS siRNA transfection (Fig. 1C). Based
on these assay characteristics, this cellular model and control
siRNAs were used to further guide the optimization efforts to
develop the siRNA screening assay protocol, subsequently
used for the screen.
The human siGENOME library (Dharmacon, GE Health-

care) consists of pooled siRNAs targeting 18,110 genes, which
were formatted into 384-well tissue culture plates. In addi-
tion, each plate contained nontargeting scrambled negative
controls and positive controls targeting GNAS. The screening
assay displayed robustmetrics with at least an eightfold assay
window between positive and negative controls and an
average plate Z’ factor of 0.62. In addition to cAMP measure-
ments, each well was also initially assessed for cell viability
using a nonlytic assay (CellTiter-Fluor; Promega) to exclude
those siRNAs that reduced cAMP accumulation as a result of
cell death. For data analysis of cAMP accumulation, the wells
treated with the siRNA library were normalized between the
negative controls (nontargeting, Scr) at 0% and positive
controls (targeting GNAS) at 100%.
Validation of siRNA Screen. To identify potential hits

from the screen, we selected genes for which both the
heterologous sensitization of AC6 was inhibited by at least
60% relative to the positive control (100% reduction) and the
cell viability was at$60% in at least two out of three replicates.
This analysis resulted in a hit set of 607 genes (3.4%) that was
subsequently trimmed to 140 genes largely based on robust
inhibition of sensitization as well as elimination of genes
involved in essential cell functions and metabolism. The

Fig. 1. Workflow of the development, execution, and validation of the cell-based genome-wide RNAi screen. (A) HEK-AC6/D2 cells were pretreated with
vehicle or 1 mM quinpirole for 2 hours before being incubated with increasing concentrations of forskolin in the presence of spiperone (D2R antagonist)
and IBMX (phosphodiesterase inhibitor) for 1 hour. (B) HEK-AC6/D2 cells were transfected for 70 hours with scrambled (Scr) or siRNAs targetingGNAS
gene before being pretreated for 2 hours with vehicle or 1 mM quinpirole. After pretreatment, the cells were incubated with 300 nM forskolin in the
presence of spiperone and IBMX. (C) Whole-cell lysates were prepared from HEK-AC6/D2 cells after transfection of scrambled (Scr) or GNAS-targeting
siRNAs and probed with anti-Gas antibody. Immunoblot is representative of three independent experiments. (D) Workflow diagram of human
genomewide RNAi screen and the subsequent validation assays.
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140 genes selected for screen validation and analysis were
subjected to follow-up assays using four individual siGE-
NOME siRNAs (Dharmacon, GE Healthcare). Our initial
validation study for the selected 140 genes was carried out
in high-throughput format against HEK-AC6/D2 cells. A
surprisingly low number of genes validated, for which at least
two of the four individual siRNAs reduced heterologous
sensitization of AC6 by more than 50% (Supplemental
Table 1). From the genes that validated, we identifiedNEDD8
and CUL3 as related genes for which neddylation of cullin3
activates the cullin3 complex, leading to E3 ligase activity
(Hori et al., 1999). Identification of this potential pathway
prompted us to reanalyze our genome-wide screening effort, in
which we found that the siRNA targeting for an additional
member of the cullin3 E3 ligase complex, RBX1 (Seol et al.,
1999), also reduced sensitization of AC6 by nearly 60%.
Knockdown of CUL3, NEDD8, or RBX1 Genes Abol-

ished Heterologous Sensitization of AC. The proteins
encoded by CUL3, NEDD8, and RBX1 are intimately linked
and are part of activated cullin3 complexes. The genes in this
E3 ligase complex were further validated using the ON-
TARGET plus siRNA, a line of siRNAs with reduced false
positives compared with siGENOME siRNAs (Dharmacon,
GE Healthcare). These experiments confirmed that the
four individual siRNAs targeting each of the three genes
(CUL3, NEDD8, and RBX1) resulted in 50%–98% inhibi-
tion of heterologous sensitization in HEK-AC6/D2 cells
(Supplemental Fig. 1, A–C). Moreover, one of the four
individual siRNAs targeting NAE E1 subunit 1 (also known
as amyloid precursor protein-binding protein 1) and
ubiquitin-like modifier–activating enzyme 3 (also known
as NAE E1 catalytic subunit), which compose the specific
E1 enzyme for the activation of NEDD8, resulted in up to

70%–95% inhibition of heterologous sensitization in HEK-
AC6/D2 cells (Supplemental Fig. 1D).
Consistently, the ON-TARGET plus–pooled siRNAs target-

ing CUL3, NEDD8, or RBX1 genes also abolished heterolo-
gous sensitization inHEK-AC6/D2 cells (Fig. 2B). Immunoblot
analysis for cullin3 (protein encoded by CUL3 gene) showed
a marked reduction of total cullin3 and neddylated cullin3
protein levels by the pooled CUL3 and NEDD8 siRNAs,
respectively (Fig. 2C). Similarly, immunoblot analysis for
nedd8 (protein encoded by NEDD8 gene) showed a decrease
of both free NEDD8 and NEDD8-conjugated proteins follow-
ing transfection of the pooled NEDD8 siRNAs (Fig. 2C).
Lastly, immunoblot analysis for rbx1 (protein encoded by
RBX1 gene) showed a significant reduction in protein expres-
sion 72 hours following the transfection of the pooled RBX1
siRNAs (Fig. 2D). In addition to cAMP measurements, cell
viability was also measured using a nonlytic assay (Cell-
Titer-Fluor; Promega) after CUL3,NEDD8, or RBX1 target-
ing siRNA transfection. Consistent with our screening data,
the cell viability was greater than 70% (Supplemental Fig.
2A). These observations prompted the use of the ON-TARGET
plus–pooled siRNAs for the remainder of the studies described
below.
There are a total of seven cullin family members and two

RING-box proteins. Thus, we examined the specificity of our
identified target genes by transfecting pooled siRNAs target-
ing CUL1, CUL2, CUL4A, CUL4B, CUL5, CUL7, or RBX2
genes into HEK-AC6/D2 cells for studies of heterologous
sensitization. Although a modest reduction was observed
following CUL2 siRNA transfection, the siRNAs targeting
the other cullins had no effect, indicating that cullin3 and
RBX1 are selective mediators for heterologous sensitization of
AC6 (Supplemental Fig. 2B). Moreover, immunoblot analysis

Fig. 2. Effect of siRNA for CUL3, NEDD8, or RBX1 genes on heterologous sensitization of AC and their protein expression. (A) Diagram of the cullin3-
RINGE3 ligase complex. S, substrate; BTB, BR-C, TTK, and BAB domain; Ub, ubiquitin. (B) HEK-AC6/D2 cells were transfected with scrambled (Scr) or
pooled siRNAs targeting the CUL3, NEDD8, or RBX1 genes for 72 hours. Cells were pretreated for 2 hours with vehicle or 1 mM quinpirole. After
pretreatment, the cells were incubated with 50 nM forskolin in the presence of 1 mM spiperone and 500 mM IBMX for 1 hour. Whole-cell lysates were
prepared from HEK-AC6/D2 cells after transfection of scrambled (Scr) or indicated siRNAs and probed with anti-cullin3 (C), anti-NEDD8 (C), or anti-
RBX1 (D) antibodies. Immunoblots are representative of three independent experiments. *P , 0.0001. Two-way ANOVA followed by Tukey’s test.
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for Gas, which plays a pivotal role in regulating heterologous
sensitization (Vortherms et al., 2006), ruled out the possibility
that the CUL3 siRNA transfection affected the protein expres-
sion level of Gas and subsequently resulted in the reduction of
heterologous sensitization of AC (Supplemental Fig. 2C).
Effect of CUL3, NEDD8, or RBX1 Genes on Acute D2

Dopamine Receptor and AC Activity. Heterologous sen-
sitization requires persistent D2R activation and is blocked by
receptor antagonists or pertussis toxin that prevent acute
receptor signaling (Watts andNeve, 1996). Thus, we examined
the effect of siRNA transfection for CUL3, NEDD8, or RBX1
on acute D2R signaling. Following 72 hours transfection, the
ability of the D2R agonist quinpirole to inhibit forskolin-
stimulated cAMP accumulation was examined. The results
of these studies revealed that transfection of the pooled
siRNAs failed to alter the ability of quinpirole to activate
the D2R, as no significant reduction in inhibition of AC
activity was observed compared with mock or scrambled
siRNA–transfected cells (Supplemental Fig. 3A). We did,

however, observe a decrease in forskolin-stimulated cAMP -
accumulation following siRNA transfection. Conditions leading
to a reduction in cullin3, nedd8, and rbx1 protein expression also
resulted in a decrease in the activity of AC6 following stimulation
by forskolin (Supplemental Fig. 3B).
Examination of Cullin3 Gene-Dose Studies for Het-

erologous Sensitization. We explored further the role of
cullin3 through a series gene-dose experiments. We trans-
fected increasing quantities of pooled CUL3 targeting siRNAs
into HEK-AC6/D2 cells revealing a dose-dependent decrease
in heterologous sensitization of AC6 and protein expression of
cullin3 (Fig. 3A). Similarly, transfection of increasing amounts
of a flag-tagged dominant negative cullin3 (DN-CUL3) DNA
plasmid (Jin et al., 2005) dose-dependently decreased heter-
ologous sensitization (Fig. 3B).
To complement our cullin3 inhibitory studies, we also

examined the effect of increased cullin3 expression on heter-
ologous sensitization of AC6. HEK-AC6/D2 cells were tran-
siently transfected with increasing amounts of myc-tagged

Fig. 3. Analysis of gene-dose effects of cullin3 on heterologous sensitization of AC. HEKAC6/D2 cells were transfected with scrambled (Scr) or control
vector (pcDNA 3.11) and increasing quantities of CUL3 siRNA (A), Flag-DN-CUL3 DNA (B), or Myc-CUL3 DNA (C and D) as indicated. At 72 hours
post–siRNA transfection or 48 hours post–DNA transfection, cells were pretreated for 2 hours (A–C) or indicated time (D) with vehicle or 1 mMquinpirole
before incubating with 50 nM forskolin in the presence of 1 mMspiperone and 500 mM IBMX for 1 hour. Whole-cell lysates were prepared fromHEK-AC6/
D2 cells following the transfection conditions noted in panel above and probed with anti-cullin3 (A), anti-flag (B), or anti-myc (C) antibodies.
Immunoblots are representative of three independent experiments. *P , 0.05; **P , 0.01; ***P , 0.001. One-way ANOVA followed by Dunnett’s test
(A). Two-way ANOVA followed by Tukey’s test (B and C). (D) *P , 0.05 vs. pcDNA 3.11/Quin. Two-way ANOVA followed by Tukey’s test.
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cullin3 DNA plasmid (Ohta et al., 1999), revealing a dose-
dependent increase in the magnitude of heterologous sensiti-
zation of AC6 (Fig. 3C). Time course experiments further
demonstrated that increasing cullin3 expression also allowed
for sensitization to develop at earlier time points (Fig. 3D).
Taken together, the loss of heterologous sensitization after
transfection of targeting siRNAs or DN-CUL3 DNA and the
increase of heterologous sensitization upon overexpression of
cullin3 provide evidence that the CUL3 gene functions as an
essential regulator of heterologous sensitization of AC.
Examine the Role of Ubiquitination-Proteasome

System in the Development of Heterologous Sensitiza-
tion of Endogenous AC and AC6. To explore the applica-
bility of these findings to physiologic levels of AC, we verified
that siRNA transfection for CUL3, NEDD8, or RBX1 also
abolished heterologous sensitization of endogenous AC using
HEK-D2L cells (Fig. 4A). Cullin3-RING ligases belong to the
largest family of E3 ubiquitin cullin-RING ligases (CRLs),
which plays a pivotal role inmediating protein ubiquitination.
Because proteasome-involved protein degradation is the
destination of most ubiquitinated proteins, we examined the
effects of two commonly used proteasome inhibitors, MG-132
and bortezomib, in the development of heterologous sensiti-
zation of endogenous AC and AC6. Our results showed that
30 minutes pretreatment with MG-132 or bortezomib signif-
icantly blocked quinpirole/D2R-induced heterologous sensiti-
zation of endogenous AC (Fig. 4B) and AC6 (Fig. 4C). These
data are consistent with a role for proteasome-mediated
protein degradation in heterologous sensitization of AC.
MLN4924 Blocked the Development but Not the

Expression Phase of Heterologous Sensitization of
AC. AlthoughMG-132 and bortezomib significantly inhibited
heterologous sensitization of AC, they are nonspecific inhib-
itors for the ubiquitination-proteasome system. In addition,
the targeting siRNAs for CUL3, NEDD8, or RBX1 genes
attenuated acute AC6 activity as well (Supplemental Fig. 3B).

Both observations prompted us to further validate pharmacolog-
ically the specific role of cullin3-RING ligases in regulating
heterologous sensitization of AC. Taking advantage of the NAE-
specific inhibitor MLN4924 (Pevonedistat) (Soucy et al., 2009),
we studied its effects on quinpirole-induced heterologous sensi-
tization in HEK-D2L and HEK-AC6/D2 cellular models.
To study the development of heterologous sensitization

of AC, we preincubated the cells for 30 minutes with
MLN4924 prior to the addition of quinpirole. Pretreatment
with MLN4924 blocked heterologous sensitization of AC in
both HEK-D2L and HEK-AC6/D2 cells (Fig. 5, B and C). We
also determined the IC50 value of MLN4924 for inhibiting
D2R-mediated heterologous sensitization of AC6 to be 6.2 nM
(Fig. 5C). This value is in close agreement with the reported
potency (IC50 value ∼4 nM) of MLN4924 for NAE inhibition
(Soucy et al., 2009). Moreover, immunoblot analysis for cullin3
showed a complete block of cullin3 neddylation following
pretreatment with MLN4924 in the conditions used to study
heterologous sensitization of AC (Fig. 5D). Together, these
results are consistent with a relationship between cullin3
neddylation and heterologous sensitization of AC. Subse-
quently, we also examined the effects of MLN4924 on the
expression phase of heterologous sensitization of AC. In
contrast to the development (MLN4924 pretreatment) stud-
ies, incubation with MLN4924 after quinpirole treatment
failed to inhibit the expression phase of AC6 heterologous
sensitization (Supplemental Fig. 4, A and B). These observa-
tions suggested that MLN4924 selectively blocks the develop-
ment but not the expression of heterologous sensitization. We
also confirmed that MLN4924 was inactive for modulating
acute D2R signaling and exhibited low toxicity in HEK293
cells (Supplemental Fig. 4, C and D).
MLN4924 Blocked Heterologous Sensitization of Mul-

tiple AC Isoforms in Different Cellular Models. Next, we
examined whether the effects of MLN4924 were limited to
one family of ACs (group III) or to one type of Gai/o-coupled

Fig. 4. Effect of siRNA for CUL3, NEDD8, or RBX1 genes
and MG-132 and bortezomib on heterologous sensitization
of endogenous AC isoforms and AC6. (A) HEK-D2L cells
were transfected with scrambled (Scr) or pooled siRNAs
targeting the CUL3, NEDD8, or RBX1 genes for 72 hours.
Cells were pretreated for 2 hours with vehicle or 1 mM
quinpirole. After pretreatment, the cells were incubated
with 1 mM forskolin in the presence of 1 mM spiperone and
500 mM IBMX for 1 hour. HEK-D2L (B) and HEK-AC6/D2
(C) cells were pretreated for 30 minutes with control
(DMSO), 1 mM MG132, or 1 mM bortezomib before being
treated with vehicle or 1 mM quinpirole for 2 hours. After
treatment, HEK-D2L and HEK-AC6/D2 cells were incu-
bated with 1 mM and 50 nM forskolin, respectively, in the
presence of 1 mM spiperone and 500 mM IBMX for 1 hour.
*P , 0.05; **P , 0.01; ***P , 0.001. Two-way ANOVA
followed by Tukey’s test.
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receptors. We used HEK293 cells expressing D2R with AC1
(HEK-AC1/D2), representing subgroup I, or AC2 (HEK-AC2/
D2), representing subgroup II. We found that pretreatment
with MLN4924 also prevented heterologous sensitization of
AC1 and AC2 induced by D2R activation (Fig. 6A), indicating
that the role of cullin3-RING ligases in heterologous sensitiza-
tion is not restricted to AC6.
Similar effects of MLN4924 were observed in experiments

using cells transfected with MORs and recombinant AC5
(HEK-AC5/MOR) (Fig. 6B). Lastly, we used NG108-15 cells
to examine heterologous sensitization of endogenous ACs
induced by activation of endogenous d-opioid receptors
(DORs). NG108-15 cells were used in the original report in
1975 that first described morphine-induced AC sensitization
(Sharma et al., 1975). Consistent with our recombinant
expression systems, MLN4924 pretreatment inhibited heter-
ologous sensitization in the NG108-15 cells (Fig. 6C). Taken
together, these data indicate that activated cullin3-RING
ligases mediate heterologous sensitization through a common
pathway shared by multiple AC isoforms and types of
Gai/o-coupled receptors (D2, m-opioid, and d-opioid).

Discussion
Heterologous sensitization of AC was originally proposed to

explain tolerance and withdrawal following chronic opiate
administration and may be a mechanism by which cells adapt

to prolonged activation of inhibitory G protein–coupled recep-
tors (Sharma et al., 1975; Duman et al., 1988). Such an
adaptive mechanism causes enhanced cAMP signaling and
has been suggested to play a role in several pathologic
processes, including chronic pain (Hucho and Levine, 2007),
anxiety (Keil et al., 2016), and drug addiction (Chan and Lutfy,
2016). Research during the last 40 years has suggested
Gai/o-coupled receptors, G proteins, and AC isoform specific
processes for heterologous sensitization (Watts et al., 1998;
Ammer and Christ, 2002; Clark et al., 2004; Vortherms et al.,
2006); however, fundamental underlying mechanisms of this
phenomenon remain unknown. We designed, optimized, and
performed a cell-based genome-wide RNAi screen followed by
a series of validation and confirmation assays to identify a set
of novel genes associated with heterologous sensitization of
AC. Intriguingly, we identified, for the first time, the specific
and pivotal role of CUL3, NEDD8, and RBX1 genes in
heterologous sensitization of AC. Subsequent cAMP experi-
mentswith proteasome inhibitors and the specific neddylation
inhibitorMLN4924 supported an important role for cullin3-RING
ligases in increased activity of AC isoforms in multiple cellular
models. That heterologous sensitization persists for greater than
2 hours following agonist treatment (Supplemental Fig. 5) is also
consistent with the potential involvement of protein degradation.
The cullin 3 protein is a part of a seven-membered

protein family (cullin1, 2, 3, 4A, 4B, 5, and 7) that has been
cloned in mammals (Sarikas et al., 2011). They scaffold

Fig. 5. Effect and potency of MLN4924 on heterologous sensitization of endogenous AC isoforms and AC6. (A) Diagram for MLN4924 inhibition of
neddylation of the cullin3-RING ligase. (B) HEK-D2L cells were pretreated for 30 minutes with control (DMSO) or 1 mMMLN4924. After pretreatment,
the cells were incubated for 2 hours with vehicle or 1 mMquinpirole before being incubated with 1 mM forskolin in the presence of 1 mMspiperone and 500
mM IBMX for 1 hour. (C) HEK-AC6/D2 cells were pretreated for 30 minutes with control (DMSO) or 1 mMMLN4924 (left panel) or with control (DMSO)
or increasing concentrations of MLN4924 (right panel) before being treated with vehicle or 1 mM quinpirole for 2 hours. After treatment, the cells were
incubated with increasing concentrations of forskolin (left panel) or 50 nM forskolin (right panel) in the presence of 1 mMspiperone and 500 mM IBMX for
1 hour. (D) HEK-AC6/D2 cells were pretreated for 30 minutes with control (DMSO) or 1 mMMLN4924 before being treated for 2 hours with vehicle or 1
mM quinpirole. Whole-cell lysates were prepared and probed with anti-Cullin3 antibody. *P , 0.001. Two-way ANOVA followed by Tukey’s test.
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adaptor proteins and the RING-box proteins on their N- and
C-terminal, respectively, to comprise the largest family of E3
ubiquitin CRLs (Sarikas et al., 2011). There are two RING box
proteins, RBX1 and RBX2 (also known as ROC1 and ROC2,
respectively), that recruit ubiquitin-bonded E2 enzymes.
Cullin5 associates with RBX2, whereas all the other cullins
associatewithRBX1 (Seol et al., 1999). It has been demonstrated
that different adaptor proteins associate with certain cullins,
directly or in combination with specific substrate recognition
proteins, to recruit the substrates for ubiquitination. For
example, cullin3 binds to several BTB domain–containing
proteins that act as substrate recognition proteins (Xu et al.,
2003). The fully assembled CRL complex is functionally
inactive and requires neddylation, an attachment of the
NEDD8 protein at a specific lysine residue on the cullins to
activate the ubiquitin ligase function (Pan et al., 2004).
Cullin3-RING ligases play pivotal roles in cancer, cell cycle

regulation, and cell stress bymediating protein ubiquitination
and subsequent proteasome-involved protein degradation
(Andérica-Romero et al., 2013). We demonstrated that
pretreatment with the proteasome inhibitors MG-132 or
bortezomib significantly inhibited heterologous sensitiza-
tion of endogenous AC and AC6. Combined with our genetic
data, these observations suggest that cullin3-RING-pro-
teasome–mediated protein degradation is important for the
development of AC sensitization. Our results are in line with
other studies showing that the proteasome inhibitors MG-132
and lactacystin could inhibit addiction-related behaviors in-
duced bymorphine or amphetamine (Mao et al., 2009;Massaly
et al., 2013). Specifically, proteasome-mediated degradation of
the crucial N-methyl D-aspartate receptor subtype 2B-
anchoring proteins plays a critical role in regulating behavioral
sensitization to amphetamine (Mao et al., 2009). However, it
remains unknownwhichE3 ligases are involved in this process.
Because AC sensitization may be involved in drug addiction,

our findings may also suggest that cullin3-RING ligases are
potentially involved in this process. Nevertheless, further
studies are warranted to verify this hypothesis.
In addition to proteasome inhibitors, we also demonstrated

that pretreatment with MLN4924 mimicked the effect of
gene knockdown of CUL3, NEDD8, and RBX1 in blocking
heterologous sensitization of endogenous and recombinant AC
isoforms, including AC1, AC2, AC5, and AC6. MLN4924
inactivates CRLs through formation of a covalent NEDD8-
MLN4924 adduct (Brownell et al., 2010), and ourWestern blot
analysis confirmed that MLN4924 blocked the neddylation of
cullin3 during the development of heterologous sensitization.
These data strongly support the notion that CRLs, especially
cullin3-RING ligases, play a critical role in regulating AC
sensitization. Moreover, it should be noted that pretreatment
with MLN4924 abolished AC sensitization without changing
the acute AC6 activity. This was in contrast to the transfection
of siRNAs targeting CUL3, NEDD8, or RBX1 that abolished
AC6 sensitization; however, it attenuated the acute activity of
AC6 as well. Thus, these results suggest that the role of the
neddylation pathway in mediating AC sensitization is specific
and robust, but cullin3-RING ligases may be involved in
regulating acute AC activity.
The proteasome inhibitor bortezomib is a Food and Drug

Administration–approved anticancer drug. Similarly, the
specific neddylation inhibitor MLN4924 was discovered via
high-throughput screening for anticancer agents (Soucy et al.,
2009) and has been advanced into several phase I–III clinical
trials for solid tumors and hematologic malignancies (see https://
clinicaltrials.gov/ct2/results?term5MLN4924&Search5Search).
Both agents can block the ubiquitination-proteasome sys-
tem, leading to the accumulation of ubiquitinated substrates
(Liao et al., 2011). As a result, those accumulated substrates
induce abnormal cell-cycle progression, apoptosis, senescence,
and/or autophagy to suppress the growth of cancer cells (Zhou

Fig. 6. Effect of MLN4924 on heterolo-
gous sensitization of recombinant and
endogenous AC isoforms. (A) HEK-AC1/
D2 or HEK-AC2/D2, (B) HEK-AC5/
MOR1, or (C) NG108-15 cells were pre-
treated for 30 minutes with control
(DMSO) or 1 mM MLN4924 as indicated.
(A) Cells were then treated for 2 hours
with vehicle or 1 mM quinpirole before
being incubated with 1 mM A23187 (for
AC1) or 500 nM phorbol 12-myristate 13-
acetate (for AC2), respectively, in the
presence of 1 mM spiperone and 500 mM
IBMX for 1 hour. (B) HEK-AC5/MOR cells
were treated for 2 hours with vehicle or 1
mM DAMGO (MOR agonist) before being
incubated with 1 mM forskolin in the
presence of 1 mM naltrexone (MOR
antagonist) and 500 mM IBMX for 1 hour.
(C) NG108-15 cells were treated for 18
hours with vehicle or 1 mM [D-Pen2,
D-Pen5] enkephalin (DOR agonist) before
being incubated with 1 mM forskolin in
the presence of 1 mM naltrindole (DOR
antagonist) and 500 mM IBMX for 1 hour.
*P , 0.05; ***P , 0.001. Two-way
ANOVA followed by Tukey’s test.
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et al., 2018). Although further studies are needed, our findings
suggest that heterologous sensitization is a result of a neddyla-
tion-dependent proteasome-targeted loss of a proteins that
normally stabilizes or inhibits AC activity. Therefore, identifying
such regulatory proteins would be very interesting in the
future; however, the number of cullin3-binding proteins
(approximately 200 BTB proteins) and their potential
substrates will make this endeavor challenging.
In summary, we provide the in vitro evidence showing,

for the first time, that the neddylation and the proteasome
pathway are intimately involved in the development of
heterologous sensitization of AC. Our findings provide new
insights regarding the molecular mechanism of AC heter-
ologous sensitization involving neddylation and suggest
a potentially new GPCR signaling pathway that could be
targeted for drug discovery efforts against AC signaling
pathologies.
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