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The interplay between G protein–coupled receptors (GPCRs)
is critical for controlling neuronal activity that shapes neuromo-
dulatory outcomes. Recent evidence indicates that the orphan
receptor GPR139 influences opioid modulation of key brain cir-
cuits by opposing the actions of the m-opioid receptor (MOR).
However, the function of GPR139 and its signaling mechanisms
are poorly understood. In this study, we report that GPR139 acti-
vates multiple heterotrimeric G proteins, including members of
the Gq/11 and Gi/o families. Using a panel of reporter assays in
reconstituted HEK293T/17 cells, we found that GPR139 func-
tions via theGq/11 pathway and thereby distinctly regulates cellu-
lar effector systems, including stimulation of cAMP production
and inhibition of G protein inward rectifying potassium (GIRK)
channels. Electrophysiological recordings from medial habenu-
lar neurons revealed that GPR139 signaling via Gq/11 is necessary
and sufficient for counteracting MOR-mediated inhibition of
neuronal firing. These results uncover a mechanistic interplay
betweenGPCRs involved in controlling opioidergic neuromodu-
lation in the brain.

The mammalian brain features a staggering number of neu-
romodulatory systems that often converge on the same neurons
and must be integrated and balanced through a system of
opposing signaling and feedback mechanisms (1). Most neuro-
modulators act on G protein–coupled receptors (GPCRs), an
extensive protein family that triggers responses by engaging
second messenger systems and ion channels. GPCR signals are
relayed through an array of heterotrimeric G proteins com-
prised of 16 Ga subunits (2). The G protein(s) activated by a
GPCR dictates the nature of the signal by engaging specific
downstream targets. Ultimately, neuronal responses are built
from cross-talk between GPCRs engaged by neuromodulatory
inputs (1, 3). Understanding the logic and mechanisms of this
GPCR signaling coordination is critical yet poorly explored.
Recently, we uncovered a novel regulatory GPCR system that

revolves around GPR139 antagonizing the m-opioid receptor
(MOR) (4). MOR couples to the Gi/o class of heterotrimeric G
proteins to inhibit production of second messenger cAMP and
to activate G protein inwardly rectifying potassium (GIRK)
channels (5). It has been heavily targeted therapeutically for its
desirable analgesic effects (6–10). However, MOR activation
also generates untoward euphoria that leads to dependence (5,
11, 12). Our initial examination of the intersection between

MOR and GPR139 revealed that multiple aspects of MOR sig-
naling were impinged by GPR139, which could be aided by a
physical interaction between the receptors (4). For instance,
GPR139 enhanced b-arrestin recruitment to activated MOR
andmoderated its coupling to GIRK channels (4). However, the
exact mechanism(s) of how GPR139 exerts an inhibitory influ-
ence on MOR and its relevance to the regulation of neuronal
responses remains unknown.
The biology and signaling mechanisms of GPR139 are also

poorly understood. It is an orphan GPCR expressed in select cir-
cuits in the brain, most notably in the areas implicated in motiva-
tion and reward (13–15). Whereas the endogenous ligand for
GPR139 is a lingering question, it has been shown to be activated
by the amino acids L-Phe and L-Trp and the neuropeptide
a-MSH (13, 16, 17). Additionally, several synthetic ligands can
activate GPR139 with high efficiency (18–20). Studies have also
shown that GPR139 engages a variety of second messenger path-
ways when studied in transfected cells (14, 15, 21). However, its
coupling to individual G proteins and their role in propagating
downstream signals has not been holistically examined, which
limits our understanding of theMOR-GPR139 interplay.
Here, we present the results of a systematic investigation of

G protein–coupling selectivity of GPR139 and its role in signal-
ing to downstream effectors.We also explore howGPR139 reg-
ulates MOR effects in a native neuronal setting. We establish
that the key effects of GPR139 are mediated by Gq/11 signaling,
which opposes the transmission of MOR signals at several
intersecting points. Based on our findings, we propose that
GPR139 “tunes” cellular responses tomodulate opioid effects.

Results

GPR139 preferentially couples to Ga11/q and Gai/o

To determine the signaling properties of GPR139, we first
examined its complete G protein–coupling profile. We used a
bioluminescence resonance energy transfer (BRET) GPCR “fin-
gerprinting” approach that permits the comprehensive study of
unmodified receptors and unmodified Ga proteins to examine
their coupling selectivity (22). In this assay, Venus-tagged
Gb1g2 was paired with the nanoluciferase-based sensor mas-
GRK3CT. In the presence of a chosen Ga subunit, GPCR acti-
vation triggers dissociation of the G protein heterotrimer,
generating the BRET signal (Fig. 1A). Using this strategy, we
surveyed GPR139 activity on 15 Ga proteins (Fig. 1, B–F) and
recorded both the maximum amplitude and initial activation
kinetics for each G protein (Fig. 1,G andH).
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Interestingly, GPR139 could activate multiple G proteins
with varying efficacies and kinetics. Within the Gi/o class, there
were no strong preferences for individual subtypes (Fig. 1, B
and C). Within the Gq/11 class, only Gq and G11 showed appre-
ciable activation (Fig. 1D). Dose-response studies with repre-
sentative members further confirmed similar potencies of
GPR139 coupling to G11 and Go (Fig. S1). Gs and G12/13 classes
were not activated by GPR139 (Fig. 1, E and F). Side-by-side
comparison of maximum amplitudes (Fig. 1G) and the activa-
tion rates (Fig. 1H) across all classes of G proteins revealed a
unique fingerprint-like profile of GPR139 coupling preferences.
Together, these results indicate that GPR139 is a dual-specific-
ity receptor capable of activating G proteins of the Gi/o and Gq/11

classes.

GPR139 selectively utilizes Gq/11 but not Gi/o for signaling to
downstream effectors

Because GPR139 can activate multiple G protein classes,
which can lead to different cellular responses, we examined the

effectors engaged by GPR139. We used a panel of sensors to
assay the effect of GPR139 activation on Ca21mobilization, ion
channel regulation, and cAMP generation (Fig. 2A).
When calcium levels were assayed with the BRET-based sen-

sor CalFluxVTN (23), we observed that GPR139 activation trig-
gered a rapid and transient increase in BRET signal (Fig. 2B)
suggestive of Ca21 release from intracellular stores and consist-
ent with previous reports (14, 15). The application of the Gaq

family–selective inhibitor YM-254890 completely blocked the
response, indicating that the signal was mediated by Gaq-type
proteins (Fig. 2B). Dose-response studies confirmed these
observations and established an EC50 of 75 6 29 nM (Fig. 2C),
which is consistent with the EC50 for G11 activation in the G
protein BRET assay (1196 32 nM) (Fig. S1).
Next, we tested the influence of GPR139 on GIRK channels,

which are activated by Gbg released preferentially by Gi/o pro-
teins (24–26) (Fig. 2, D and E). We monitored GIRK channel
opening kinetically by measuring thallium influx with an indi-
cator dye (27). The simultaneous addition of thallium and the

Figure 1. GPR139 G protein–coupling profile. A, schematic representation of the G protein BRET fingerprinting assay in HEK293 cells. B–F, GPR139 activity
on the Gi/o class (B and C), Gq/11 class (D), Gs class (E), or G12/13 class (F) of G proteins. Amplitude and rate of activation were measured upon application of 10
mM JNJ-63533054, indicated by an arrow. Shown are the maximum amplitude (G) and the initial activation rate (H) for each G protein by GPR139. A–F, data are
mean6 S.E. (error bars) of three independent experiments.G and H, mean of representative data6 S.D.
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GPR139 agonist JNJ-63533054 did not increase the rate of thal-
lium influx compared with the slow, passive entry observed in
cells without receptor (Fig. 2D). Dose-response studies quanti-
fying changes in the slope of fluorescence showed no JNJ-
63533054–induced changes at any concentration tested, con-
firming that GPR139 does not activate GIRK channels (Fig. 2E).
Positive control experiments with MOR-transfected cells
treated with morphine significantly increased the rate of GIRK

channel activation, indicating adequate assay sensitivity (Fig.
S2,A and B).
Finally, we measured the effect of GPR139 on cAMP genera-

tion with a biosensor (Fig. 2F). Unexpectedly, we found that
GPR139 stimulation dynamically increased cAMP levels. The
increase occurred in a dose-dependent manner with an EC50 of
416 20 nM (Fig. 2G). GPR139 expression without agonist stim-
ulation also increased the baseline cAMP levels, suggesting a

Figure 2. GPR139 signaling to downstream effectors. A, schematic of downstream signaling pathways examined. B, calcium mobilization was measured
using the CalFluxVTN calcium biosensor in response to treating HEK293 cells with 10 mM JNJ-63533054. C, the maximal amplitude of the Ca21 signal across
concentrations of JNJ-63533054. D, thallium flux through GIRK1/2 channels in HEK293 cells upon treatment with 10 mM JNJ-63533054. E, the initial activation
rate of thallium flux calculated across doses of JNJ-63533054. F, time course of GPR139 influence on cAMP. G, dose dependence of GPR139 activation on cAMP
modulation. Data are mean6 S.E. (error bars) of 3–4 independent experiments.
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high level of constitutive activity (Fig. S3). In summary, these
results indicate that GPR139 coupling to Gq/11 propagates to
engage the canonical Ca21 release pathway. However, despite
the efficient coupling of GPR139 to Gi/o and no coupling to Gs/olf,
we observed no GIRK channel activation and paradoxical
increase in cAMP production.

GPR139 signals to secondary effectors adenylyl cyclase and
GIRK channels via Gaq/11

The seemingly contradictory results between G protein cou-
pling and downstream modulation of cAMP warranted further
investigation. First, we tested whether GPR139 can also alter
cAMP dynamics after treatment with the AC activator forsko-
lin (FSK). Preincubation with JNJ-63533054 had no effect on
cAMP dynamics in control cells (Fig. S4), but in GPR139-trans-
fected cells, we detected a substantial enhancement of cAMP
generation in both the amplitude and the initial activation rate
(Fig. 3,A,C, andD).
Intriguingly, several AC isoforms known to be expressed in

HEK293T can be regulated by calcium generated downstream
of Gq/11-coupled GPCRs (28–30). To test the hypothesis that
the GPR139-mediated changes in cAMP were driven by Gq/11

signaling, we blocked Gaq/11 with YM-254890 and found that it
prevented GPR139-mediated augmentation of cAMP genera-
tion (Fig. 3B). The maximal response elicited by co-application
of YM-254890 with JNJ-63533054 was decreased compared
with cells treated with agonist alone and restored back to the
control-treated condition (Fig. 3C). Moreover, YM-254890 also
abolished the effect of JNJ-63533054 on the acceleration of
cAMP production rate (Fig. 3D).

We next addressed the inability to detect GIRK channel acti-
vation by GPR139 despite its coupling to Gi/o (25, 26, 31). Inter-
estingly, GIRK channels have also been shown to be impacted
by Gq signaling acting via PIP2 and protein kinase C to inhibit
channel activity (31–33). Thus, we hypothesized that GPR139
could negatively regulate GIRK channels via Gq to prevent
channel opening in response to Gi/o activation. To test this hy-
pothesis, we activated GIRK directly by agonist ML-297 (34),
which requires PIP2 as a cofactor, making it sensitive to Gq-
mediated modulation (34, 35). Indeed, expression of GPR139
inhibited GIRK channel opening to 52.36 1.6% of control (Fig.
3, E and F). Overexpression of G11 enhanced this inhibition
(Fig. 3, G and H). In contrast, blockade of Gq/11 by YM-254890
diminished the inhibitory effects of GPR139 (Fig. 3, G and H).
These effects were selective for GPR139 asMOR had no impact
onML-297–mediated GIRK activation either upon overexpres-
sion of G11 or blockade of Gq/11 by YM-254890 (Fig. S5, A and
B). We thus conclude that GPR139 negatively regulates GIRK
channel opening by engaging the Gq/11 pathway, which pre-
dominates over stimulatory Gi/o engagement.

GPR139 signaling via Gq/11 opposes MOR-mediated
suppression of neuronal firing

We next sought to determine the relevance of GPR139-
mediated Gq/11 signaling to counteracting MOR in the endoge-
nous setting by examining spontaneous neuron firing in the
medial habenula (mHb), where MOR and GPR139 are co-
expressed (4, 36). Application of the MOR agonist DAMGO
significantly dampened neuronal firing and reversed upon
DAMGO washout (Fig. 4, A, B, and D). Pretreatment with JNJ-
63533054 did not change the baseline firing rate (Fig. 4A) but

Figure 3. GPR139 signals selectively through Gq/11 to secondary effectors in cultured cells. Shown are changes in forskolin-stimulated cAMP (A–D) or
ML-297-mediated GIRK1/2 activation (E–H) in response to GPR139 activation. A, effect of JNJ-63533054 on FSK-stimulated cAMP response. B, effect of pretreat-
ment with Gq inhibitor YM-254890 on GPR139-mediated cAMP modulation. C and D, quantification of the maximum amplitude (C) and the initial activation
rates (D) from A and B. E, effect of GPR139 on thallium flux through GIRK1/2 channels activated by ML-297. F, quantification of the initial activation rates from
E. Student’s t test was used: ***, p, 0.001. G, thallium flux in GPR139-expressing cells either additionally expressing G11 or pretreated with 10 mM YM-254890.
H, quantification of the initial activation rates from G. Data are mean6 S.E. (error bars) of 3–5 independent experiments. C, D, and H, one-way analysis of var-
iance with Tukey’s post hoc test: ns, not significant; *, p, 0.05; **, p, 0.01; ***, p, 0.001; ****, p, 0.0001. Shaded areas in A, B, E, and G are S.E.
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completely blocked DAMGO’s effects on firing (Fig. 4, A, C,
and D). This effect of JNJ-63533054 was specific as it did not
block DAMGO influence on firing inGPR1392/2mice (Fig. S6,
A and B). Importantly, blockade of Gaq/11 with YM-254890
reversed the effects of the JNJ-63533054 and restored inhibition
of firing in response to DAMGO (Fig. 4,A, C, andD). Taken to-
gether, these data indicate that GPR139-initiated Gq/11 signal-
ing is sufficient to counteract MOR-mediated effects on mHb
neuron firing.

Discussion

Orphan GPCRs comprise ;100 receptors with unknown
ligands and often unknown physiological roles and signaling

(37) yet critical involvement in many neuronal functions (38).
Thus, elucidating their functional roles presents a compelling
research frontier. GPR139 is an orphan GPCR with poorly
understood biology and signaling mechanisms. It is an intrigu-
ing receptor for its selective expression pattern across brain cir-
cuits and involvement inmovement (13) and the effects of alco-
hol and opioids (4, 39). We recently found that GPR139 is
molecularly intertwined with MOR and opposes its signaling,
offering the first glimpse of a possible physiological role for
GPR139 in regulating reward (4). In this report, we provide crit-
ical insight into unanswered questions regarding GPR139 sig-
naling mechanisms. We show that GPR139 primarily engages
the Gq/11 pathway to activate adenylyl cyclase and inhibit the
GIRK channel, key effector molecules that are regulated in an

Figure 4. GPR139 signals via Gq/11 to oppose opioid-mediated inhibition of neuronal firing inmedial habenula. A, representative firing traces recorded
frommedial habenular neurons in brain slices. B and C, change in firing frequency upon treatment with MOR agonist DAMGO. Slices were pretreated with ve-
hicle (B) or 10 mM JNJ-63533054 (blue trace) (C) or with 10 mM JNJ-63533054 and 10 mM YM-254890 (green trace). D, maximum change in firing was quantified
for (B and C). Data aremean6 S.E. of 8–10 neurons/trace; one-way analysis of variancewith Tukey’s post hoc test: ns, not significant; *, p, 0.05; **, p, 0.01.

Figure 5. GPR139 signaling mechanisms. A, GPR139 activates both Gq/11 and Gi/o classes of G proteins, but signaling to secondary effectors is mediated by
Gq/11. B, GPR139 counteracts MOR signaling by opposing regulation of the downstream effectors AC and GIRK channels.
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opposite fashion by MOR, thereby providing a mechanistic ba-
sis for the signaling cross-talk (Fig. 5). We further show that
this Gq/11-mediated signaling is essential for GPR139’s ability to
inhibit opioid effects in mHb neurons. The Gq/11 mechanism
identified in this study may complement the direct inhibitory
effects of GPR139 on MORmediated by heterologous b-arrestin
recruitment and heteromerization reported previously (4).
Our observations that GPR139 effectively utilizes Gq/11 to

suppressMOR signalingmediated by Gi/o provides a clear illus-
tration of the signaling cross-talk that occurs at the level of G
proteins competing to regulate common effectors. The inter-
play between Gq/11 and Gi/o has been noted for ion channels
and adenylyl cyclase (40, 41). In particular, opposing signaling
between Gaq and Gao pathways has been well-documented
in Caenorhabditis elegans (42–44). On the other hand, Gi/o-
coupled receptors may act synergistically with Gq/11-coupled
receptors to potentiate Gq/11-mediated signaling (45–47).
Thus, the cellular context likely affects whether Gq/11 and Gi/o

display an inhibitory or synergistic relationship. Therefore, the
full extent of MOR-GPR139 cross-talk is likely more nuanced
and context-dependent, making it possible that regulation of
effector systems may vary in different neuronal populations.
We envision that Gq/11 signaling by GPR139 may also similarly
interfere with the Gi/o signals generated by other GPCRs co-
expressed with GPR139. Such a scenario and the possible range
of additional Gi/o-coupled GPCR targets impacted by GPR139
remains to be established. From this perspective, it is intriguing
that a recent study reported a possible functional interaction
between GPR139 and the Gi/o-coupled dopamine 2 receptor
(48). The interplay of GPR139 with other GPCRs may differ
fromwhat we observe forMOR andmay be shaped by heterome-
rization, compartment localization, and cellular environment.
Our exhaustive profiling of G protein coupling revealed that

GPR139 can activate multiple G proteins. Whereas this study
establishes the role of the Gq/11 branch in mediating GPR139
effects on opioid signaling, the relevance and roles of other sig-
naling modalities remain to be determined. It seems possible
that other Ga species may fine-tune GPR139 effects or allow it
to access different signaling modalities.We are intrigued by the
robust coupling of GPR139 to the Gi/o class. This coupling does
not result in the engagement of typical Gi/o effectors, likely due
to antagonism fromGaq that overpowers it, yet Gi/o is expected
to be concurrently activated.We envision two potential mecha-
nisms that could exploit this dual coupling. First, concurrent
activation of Gi/o may serve to constrain the Gq/11 signals
endowing GPR139 with a self-pacing mechanism. Second, Gi/o

signaling might be preferentially realized in some neuronal
populations where the Gq/11 branch is weak. This would enable
bidirectional control of cellular signaling by GPR139, depend-
ing on the G protein contingent in a given neuron. In any event,
the complete map of G protein selectiveness presented in this
study should enable exploration of GPR139 signaling modal-
ities in future studies.
One key frontier in GPR139 research is related to its activa-

tion mechanism. We observed GPR139 activity in the absence
of agonist in every assay performed, which likely reflects high
constitutive activity. GPR139 could use this constitutive inhibi-
tory influence to dampen or enhance the response of MOR to

endogenous opioid peptides. In addition, GPR139 could also
be modulated by ligands. The amino acids L-Phe and L-Trp
have been reported to activate GPR139 with an EC50 in the
200–300 mM range (16). These amino acids are present in the
culture media at a ;20–70 mM range and thus may enhance
GPR139 activity. GPR139 could also be activated by several pep-
tides, most prominently a-MSH, although there are conflicting
reports (17, 49). Whether these peptides are involved in media-
ting GPR139 modulation of opioid signaling in endogenous neu-
ral circuits remains to be established.
Our observations suggest a strategy for increasing the thera-

peutic window of opioids. We predict that GPR139 antagonists
and/or inverse agonists would be useful to enhance the behav-
ioral sensitivity to opioids. Several groups have performed
high-throughput screens to identify potential antagonists, but
most compounds identified exhibit low potency and poor spec-
ificity and are therefore of limited utility for in vivo applications
(21, 50). Discrete distribution of GPR139 in the brain, its robust
anti-opioid activity, and the demonstration of its signaling
mechanisms presented in this paper makes this orphan recep-
tor an attractive therapeutic target.

Experimental procedures

Reagents and constructs

Dulbecco’s modified Eagle’s medium, Opti-MEM, sodium
pyruvate, Lipofectamine 3000, nonessential amino acids, and
Hanks’ balanced saline solution with Ca21 andMg21 were pur-
chased from Invitrogen (Carlsbad, CA). Matrigel was from
Corning Life Sciences. NanoGlo Luciferase Reagent, GloSensor
cAMP reagent, and the pGloSensor 222F cAMP plasmid
were purchased from Promega Corp. (Madison, WI). (S)-JNJ-
63533054 was synthesized as described (18). YM-254890 was
purchased from Wako Chemicals USA, Inc. (Richmond, VA).
The GPR139 cDNA used for all experiments (HASP-HA-
GPR139) contained an N-terminal HA signal peptide (HASP),
followed by anHA tag and humanGPR139 (NM_001002911.4).

Cell culture and transfection

HEK293T/17 cells were maintained in Dulbecco’s modified
Eagle’s medium 1 10% (v/v) fetal bovine serum, nonessential
amino acids, and 1 mM sodium pyruvate. Transfections were
performed as described (51).

G protein BRET assay

HEK293T/17 cells were transfected with HASP-HA-GPR139
pcDNA3.1 and 0.84 mg of Gao pcMV5, 0.84 mg of Ga11

pcDNA3.1, or 0.84 mg of the indicated Ga protein. Addition-
ally, 0.42 mg of Venus(1–155)-Gg2 pcDNA3.1, 0.42 mg of Venus
(156–299)-Gb1 pcDNA3.1, and 0.42 mg of mas-GRK3-NanoLuc
pcDNA3.1 were transfected, and DNAs were balanced to 10 mg
using pcDNA3.1 and assays were performed as described (22).

CalFluxVTN calcium assay

HEK293T/17 cells were transfected with 0.84 mg of HASP-
HA-GPR139 pcDNA3.1 and 0.84 mg of CalFluxVTN pcDNA3.1
and incubated overnight, and the assay was performed as
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described (52), measuring luminescence every 0.06 s using the
PHERAstar FSX plate reader.

222F pGLO assay

HEK293T cells were transfected using 0.42 mg of HASP-HA-
GPR139 pcDNA3.1, 0.21 mg of MOR-FLAG, and 0.42 mg of
222F pGloSensorTM cAMP plasmid. The next day, cells were
reseeded in a 96-well plate in culture medium at 13 105 cells/
well for 2 h at 37 °C and 5% CO2. The overlaying medium was
then replaced with 40 ml of 13 GloSensorTM cAMP reagent
andmeasured as described (53).

Thallium flux

GIRK channel function was assessed using the Molecular
Devices FLIPR® potassium assay kit. The following cDNAs
were transfected: 0.84 mg of MOR-FLAG pcDNA3.1, 0.21 mg
of HASP-HA-GPR139 pcDNA3.1, 1.26 mg of GIRK-1-AU5
pCMV5, 1.26 mg of mGIRK-2a pCMV5, 0.84 mg of rat Gao
pCMV, 0.42 mg of Gb1 pcDNA3.1, 0.42 mg of Gg2 pcDNA3.1, and
for the indicated assay conditions, 0.42 mg of hGa11 pcDNA3.1.
Cells were incubated for 18–24 h at 37 °C and 5% CO2. The next
day, cells were reseeded at 20,000 cells/well of a black 384-well
Corning CellBIND® plate and treated with or without 10mMYM-
254890. Cells were incubated for an additional 18–24 h. On the
day of the experiment, 20 ml of loading buffer was added to 20 ml
of cell culture per the manufacturer’s instructions. Plates were
incubated in the dark at room temperature for 1 h.
Baseline signaling was assessed for 10 reads at 1 s/read using

the FLIPR Tetra®. Data were normalized as -fold over baseline,
and the change in activation over time was compared by fitting
a straight line to the data within the initial linear range of acti-
vation (15–25 s) using GraphPad Prism 8.

Slice electrophysiology

All procedures involving mice were approved by the institu-
tional animal care and use committee at Scripps Research and
were carried out in strict compliance with National Institutes of
Health guidelines.Mice of either sex aged 2–4months were anes-
thetized with isoflurane and decapitated. Brain slices were pre-
pared, and loose-seal, cell-attached recordings from habenular
neurons were performed as described (4). Changes in firing fre-
quency following pharmacological treatments were quantified as
the mean value of the last 3 min of the recordings in the presence
of the drug, normalized with respect to the last 3 min of baseline
preceding the drug application. Current clamp signals were high
pass–filtered at 300Hz.

Data availability

Any data not in the article can be shared upon request.
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