
BJP British Journal of
Pharmacology

DOI:10.1111/bph.13254
www.brjpharmacol.org
RESEARCH PAPER Correspondence
Role for engagement of β-
arrestin2 by the transactivated
EGFR in agonist-specific
regulation of δ receptor
activation of ERK1/2
Le-Sha Zhang1#, Yu-Jun Wang1#, Yun-Yue Ju1, Gui-Ying Zan1, Chi Xu1,
Min-Hua Hong1, Yu-Hua Wang2, Zhi-Qiang Chi1 and Jing-Gen Liu1

1Key Laboratory of Receptor Research, Shanghai Institute of Materia Medica and Collaborative

Innovation Center for Brain Science, Chinese Academy of Science, Shanghai, China, and 2School of

Pharmacy, Nanjing University of Chinese Medicine, Nanjing, China
© 2015 The British Pharmacological Society British Journal of Ph
Jing-Gen Liu, PhD, Department of
Neuropharmacology, Shanghai
Institute of Materia Medica, Chinese
Academy of Sciences, 555 Zu Chong
Zhi Road, Shanghai, China.
E-mail: jgliu@mail.shcnc.ac.cn.
Yu-Hua Wang, PhD, School of
Pharmacy, Nanjing University of
ChineseMedicine, 138 Xian Lin Road,
Nanjing, China.
E-mail: rain7943@126.com
#These authors contributed equally to
this work.
---------------------------------------------------------

Received
1 April 2015
Revised
11 June 2015
Accepted
16 July 2015
arm
BACKGROUND AND PURPOSE
β-Arrestins function as signal transducers linking GPCRs to ERK1/2 signalling either by scaffoldingmembers of ERK1/2s cascades or
by transactivating receptor tyrosine kinases through Src-mediated release of transactivating factor. Recruitment of β-arrestins to
the activated GPCRs is required for ERK1/2 activation. Our previous studies showed that δ receptors activate ERK1/2 through a β-
arrestin-dependent mechanism without inducing β-arrestin binding to the δ receptors. However, the precise mechanisms in-
volved remain to be established.

EXPERIMENTAL APPROACH
ERK1/2 activation by δ receptor ligands was assessed using HEK293 cells in vitro and male Sprague Dawley rats in vivo.
Immunoprecipitation, immunoblotting, siRNA transfection, intracerebroventricular injection and immunohistochemistry were
used to elucidate the underlying mechanism.

KEY RESULTS
We identified a new signalling pathway in which recruitment of β-arrestin2 to the EGFR rather than δ receptor was required for its
role in δ receptor-mediated ERK1/2 activation in response to H-Tyr–Tic–Phe–Phe–OH (TIPP) or morphine stimulation. Stimulation
of the δ receptor with ligands leads to the phosphorylation of PKCδ, which acts upstream of EGFR transactivation and is needed for
the release of the EGFR-activating factor, whereas β-arrestin2 was found to act downstream of the EGFR transactivation. More-
over, we demonstrated that coupling of the PKCδ/EGFR/β-arrestin2 transactivation pathway to δ receptor-mediated ERK1/2 ac-
tivation was ligand-specific and the Ser363 of δ receptors was crucial for ligand-specific implementation of this ERK1/2 activation
pathway.

CONCLUSIONS AND IMPLICATIONS
The δ receptor-mediated activation of ERK1/2 is via ligand-specific transactivation of EGFR. This study adds new insights into the
mechanism by which δ receptors activate ERK1/2.
Abbreviations
DPDPE, [D-Pen2, D-Pen5] enkephalin; HB-EGF, heparin-binding EGF-like growth factor; IGFR, insulin-like growth factor
receptor; NG108-15, cell mouse neuroblastoma x rat glioma hybrid cell; RTK, receptor tyrosine kinase; TIPP, H-Tyr-Tic-Phe-
Phe-OH
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Introduction

The δ receptor is a member of the GPCRs. Activation of δ re-
ceptors leads to inhibition of adenylyl cyclase activity and
voltage-gated Ca2+ channels and the activation of inwardly
rectifying K+ channels through coupling to Pertussis toxin
(PTX)-sensitive G-proteins (Law and Loh, 1999). In addition,
δ receptors can also signal to other cellular effectors such as
ERK1/2 (Eisinger et al., 2002; Audet et al., 2005; Hong et al.,
2009). It has been shown that ERK1/2 plays an important role
in the neuronal plasticity induced by drugs of abuse and
blockade of ERK1/2 activation prevents long-lasting behav-
ioural changes, including psychomotor sensitization and
conditioned place preference induced by these drugs (Girault
et al., 2007). Although most of their actions are mediated by
G-proteins, our recent study has shown that δ receptors can
activate ERK1/2 in a G-protein-independent but β-arrestin-
dependent manner (Xu et al., 2010). However, the precise
mechanisms involved remain to be established.

β-Arrestins have been shown to function as signal trans-
ducers linking GPCRs to ERK1/2 signalling either by scaffold-
ing members of ERK1/2 cascades (DeFea et al., 2000; Luttrell
et al., 2001; Tohgo et al., 2002) or by transactivating receptor
tyrosine kinases (RTKs) through Src-mediated release of
transactivating factor (Pierce et al., 2001; Noma et al., 2007).
Given that β-arrestins are generally thought to be regulators
of GPCRs, their recruitment to the activated GPCRs has been
assumed to be required for linking GPCRs to ERK1/2 signal-
ling (McDonald et al., 2000; Luttrell et al., 2001). However,
in recent studies we found that, although the stimulation of
δ receptors with opioid ligands H-Tyr-Tic-Phe-Phe-OH (TIPP)
andmorphine failed to recruit β-arrestin1/2 to these receptors
(Hong et al., 2009), they were able to activate ERK1/2 through
a β-arrestin-dependent mechanism (Xu et al., 2010). Addi-
tionally, previous studies have also reported that stimulation
of the β2 adrenoceptor with its ligands ICI118551 and pro-
pranolol activates ERK1/2 through a β-arrestin-dependent
mechanism without promoting β-arrestin binding to the re-
ceptors (Azzi et al., 2003; Wisler et al., 2007). These studies
suggest that recruitment of β-arrestins to the GPCRs may
not be a prerequisite for their function as signal transducers
4848 British Journal of Pharmacology (2015) 172 4847–4863
linking GPCRs to ERK1/2 signalling. However, how GPCRs
such as the δ receptor and β2 adrenoceptor, which fail to re-
cruit β-arrestins in response to specific ligand stimulation,
can robustly engage a β-arrestin-dependent signalling path-
way to activate ERK1/2 remains to be addressed.

GPCRs including δ receptors have also been shown to ac-
tivate ERK1/2 by transactivating RTK (Prenzel et al., 1999;
Eisinger and Schulz, 2004; Werry et al., 2005). Several previ-
ous studies have also suggested that RTKs such as the EGFR
and insulin-like growth factor receptor (IGFR) can recruit β-
arrestins in response to their respective growth factors (Povsic
et al., 2003; Girnita et al., 2007), suggesting that β-arrestins
are not restricted to binding to GPCRs. This raises the possi-
bility that GPCRs, which are unable to recruit β-arrestins in
response to specific ligand stimulation, might use β-arrestins
as a scaffold to activate ERK1/2 through transactivated RTKs.
Indeed, a recent study demonstrated that the V2 vasopressin
receptor can activate ERK1/2 through amechanism involving
the engagement of β-arrestin by a transactivated IGFR
(Oligny-Longpre et al., 2012). Given that δ receptors can acti-
vate ERK1/2 through the transactivation of EGFR (Schulz
et al., 2004; Eisinger and Ammer, 2008a) and IGFR (Eisinger
and Ammer, 2011) and that IGFR and EGFR can recruit β-
arrestins (Lin et al., 1998; Dalle et al., 2001; Zheng et al.,
2012), we hypothesized that δ receptors stimulated by TIPP
or morphine might activate ERK1/2 in a β-arrestin-dependent
manner through the transactivation of EGFRs. This study was
therefore undertaken to test this hypothesis.
Methods

Mutagenesis of δ receptor
The serine codon (TCC) for amino acid 363 of the mouse δ re-
ceptor was mutated into an alanine codon (GCC) by Dr Chi
Xu (Xu et al., 2010).

Cell culture and transfection
The cDNA of pcDNA3.0 containing themouse δ receptor with
the HA epitope tag inserted to the N-terminus of δ receptor or
the mutated δ receptor was transfected into HEK293 cells
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using Transmarter transfection reagent. Cells stably express-
ing HA-δ receptor and S363A-HA-δ receptor were obtained
by MACS cell selection kits (Miltenyi Biotec, Bergisch
Gladbach, Germany) and maintained by 0.2mg ·mL�1 G418.
The HEK293δ receptor cells transiently expressing the cDNA
of pcDNA3.1 containing the β-arrestin2-GFP were transfected
using Transmarter transfection reagent.

Immunoprecipitation and immunoblotting
Cells were solubilized in 1mL of glycerol lysis buffer (50mM
Tris-HCl pH 7.5, 150mM NaCl, 10% glycerol v v�1, 0.5%
Nonidet P-40 v v�1, 2mM EDTA, 100 μM Na3VO4 and pro-
teinase inhibitor cocktail) and clarified by centrifugation at
10 000 × g for 10min. Immunoprecipitation was performed
using the corresponding antibody with constant agitation
overnight at 4°C, then 30 μL of 50% slurry of protein A/G aga-
rose beads with constant agitation for 4 h at 4°C. Immune
complexes were washed three times and boiled in Laemmli
sample buffer. Immunoprecipitated proteins were resolved
by SDS-PAGE and transferred to PVDF membrane for immu-
noblotting. Chemiluminescence detection was performed
by using the ECL plus Western blotting detection reagent
(GE Health, Little Chalfont, UK), and immunoblots were
quantified by densitometry using Quantity One (Bio-Rad,
Hercules, CA, USA). For repeated immunoblotting, mem-
branes were stripped in ReBlotPlus mild stripping solution
for 20min.

siRNA transfection
Double-stranded siRNAs targeting PKCδwere purchased from
Santa Cruz Biotechnology. Chemical synthesis of double-
stranded siRNAs targeting β-arrestin1 and β-arrestin2 was
performed as described previously (Zhang et al., 2005). A
non-silencing RNA duplex was used as control. For siRNA
experiments, HEK293 δ receptor cells or S363A-HEK293 δ
receptor that were 20–30% confluent on 24-well plates were
transfected with 20 pmol of siRNA using the lipofectamine
RNAiMAX reagent. Cells were stimulated by ligands after
48 h and then harvested.

Animal treatment
Sprague Dawley male rats weighing 250–300 g were obtained
from the Laboratory Animal Centre, Chinese Academy of
Sciences (Shanghai, China). Rats were housed two to three per
cage and maintained on a 12h light/dark cycle with access to
food and water ad libitum. A total of 127 rats were divided into
10 groups of at least seven rats each. All protocols were reviewed
and approved by the IACUC of Shanghai Institute of Materia
Medica, which received the full accreditation of AAALAC in
May 2011. All studies involving animals are reported in accor-
dance with the ARRIVE guidelines for experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Intracerebroventricular injection
Rats were anaesthetized with sodium pentobarbital
(55mg · kg�1, i.p.) in combination with atropine
(0.4mg · kg�1, i.p.). Depth of anaesthesia was checked by test-
ing for lack of a pain response to gentle pressure on the hind
paws. Then, the animals were placed in the stereotaxic
apparatus (Narishige, Setagaya-ku, Tokyo, Japan). Guide can-
nulas were implanted bilaterally in the rats’ brain (AP:
+0.8mm; ML: ±1.5mm; and DV: +2.0mm). A stainless steel
blocker was inserted into each cannula to keep them patent
and prevent infection. The rats were allowed to recover from
surgery for 5 days. Five days later, bilateral microinfusions
were made through 31 gauge injection cannulae (1.8mm un-
der the tip of guide cannulae) over 2min at rate of
2.5 μL ·min�1 and given an additional 1min for drug diffu-
sion. Morphine was dissolved in ACSF at a concentration of
20 nmol · 10 μL�1, while [D-Pen2, D-Pen5] enkephalin
(DPDPE) was dissolved in ACSF containing 10% DMSO at a
concentration of 100 nmol · 10 μL�1. GM6001 and AG879
were respectively diluted with ACSF to a final concentration of
10ng · 10μL�1 and 5mM (injection volume 10μL) , then
bilaterally microinjected 1h before agonist injection. The δ
receptor antagonist naltrindole was dissolved in ACSF at a
concentration of 5μg · 10μL�1 and bilaterally microinjected
15min before agonist injection. Rats in the control group were
injected with the corresponding solvent at the same time. Dur-
ing the microinjection, the rats were gently restrained by hand.

Immunohistochemistry
Fifteen minutes after agonist administration, rats were
quickly anaesthetized with sodium pentobarbital
(55mg · kg�1, i.p). Deeply anaesthetized rats were perfused
with saline and then 4% cold paraformaldehyde in
0.1mol · L�1 phosphate buffer. Brains were removed from
the skulls and postfixed in 4% paraformaldehyde overnight
at 4°C. The next day, the brains were transferred to a solution
of 30% sucrose overnight until they sunk. Cryostat sections
of these brains were then cut at a thickness of 30 μm on a
Leica CM3050S cryostat (Leica, Wetzlar, Germany). Brain sec-
tions were stored in 10% sucrose and 0.03% sodium azide in
0.1mol · L�1 phosphate buffer at 4°C for further processing.
All washes were conducted in 0.1mol · L�1 phosphate buffer,
and sections were blocked with 10% normal goat serum for
2 h at room temperature. Sections were incubated overnight
in primary antibody (1:300 dilution in 10% normal goat se-
rum) at 4°C. Then, sections were incubated with secondary
antibody (1:200 dilution in 10% normal goat serum) for 2 h
at room temperature. pERK-positive sites were visualized
using a SABC kit and a DAB kit. The brain sections were sub-
sequently dehydrated in alcohol and xylene and mounted
on slides under coverslips. Finally, they were imaged on
an Olympus IX51 microscope (Olympus Corporation,
Shinjuku, Tokyo, Japan). To determine the level of ERK ac-
tivity, the number of stained cells in CeA of the amygdala
was manually counted.

Data analysis
All statistical analyses were performed using the GraphPad
Prism 5.0 software (GraphPad Software, San Diego, CA,
USA). Data represent mean ± SD of at least three separate ex-
periments. All the quantifications of phosphoproteins calcu-
lated as the ratio of total proteins. Statistical significance
was determined by using Student’s unpaired t-test when only
two groups were compared. In the immunohistochemistry
experiment, the data represent mean ± SEM; statistical signif-
icance was determined by one-way ANOVA followed by
British Journal of Pharmacology (2015) 172 4847–4863 4849
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Newman–Keuls comparison test. The number of animals in
each group was at least seven.

Chemicals and reagents
The following antibodies were used in immunoblotting: anti-
HA-tag, anti-pSer363-δ receptor, anti-β-arrestin1/2, anti-pSer643-
PKCδ, anti-EGFR and anti-Src antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). The anti-
phosphotyrosine, anti-pERK antibodies for Western blotting
and anti-ERK2 antibody were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The anti-PKCδ antibody was from
Abcam (Cambridge, MA, USA). The anti-pERK antibody for im-
munohistochemistry was from Cell Signaling Technology.
GM6001 was from Tocris Cookson, and TIPP was from Phoenix
Biotech (Beijing, China). The anti-GAPDH, anti-PKCε, anti-
pY416-Src antibodies, PP2, PTX and ReBlotPlus mild stripping
solution (10×) were from Merck-Millipore (Bedford, MA, USA).
Transmarter transfection reagent was from Abmart (Shanghai,
China). LipofectamineRNAiMaxsiRNA transfection reagent
was from Invitrogen (Carlsbad, CA, USA). Morphine hydrochlo-
ridewas fromQinghai Pharmaceutical General Factory. All other
reagents and antibodies were purchased from Sigma (St Louis,
MO, USA). All the drug/receptor nomenclature confirms to BJP’s
Concise Guide to Pharmacology (Alexander et al., 2013a,b,c).
Results
TIPP- and morphine-stimulated, but not DPDPE-stimulated,
ERK1/2 activation involves the transactivation of RTKs

Our previous studies showed that the δ receptor ligands
TIPP andmorphine, but not DPDPE, stimulated ERK1/2 activ-
ity by using β-arrestin1/2 as a scaffold for kinases involved in
the ERK1/2 cascade (Xu et al., 2010), although TIPP and mor-
phine were both unable to stimulate the recruitment of β-
arrestin1/2 to the δ receptors (Hong et al., 2009). Given that
δ receptors can activate ERK1/2 by transactivating EGFR and
IGFR (Forster et al., 2007; Eisinger and Ammer, 2008a, 2011)
and that EGFR and IGFR can act like GPCRs, engaging β-
arrestins for downstream signalling (Lin et al., 1998; Dalle
et al., 2001; Zheng et al., 2012), we explored whether the δ re-
ceptors can employ β-arrestin1/2 as scaffolding proteins for
ERK1/2 activation by transactivating EGFR in response to
TIPP or morphine stimulation. To this end, we first deter-
mined whether EGFR transactivation is involved in TIPP or
morphine-induced ERK1/2 activation by examining the ef-
fects of the metalloproteinase inhibitor GM6001 and EGFR
inhibitor AG1478 on TIPP, morphine and DPDPE-stimulated
ERK1/2 activation in HEK293 cells stably expressing δ recep-
tors (HEK293 δ receptors). As shown in Figure 1A, stimulation
of HEK293 δ receptor cells with 1 μM DPDPE, 1 μM TIPP or
10 μM morphine resulted in an enhancement of ERK1/2
phosphorylation. Pretreatment with 25 μM GM6001 or
5μM AG1478 inhibited this TIPP- and morphine-induced
but not DPDPE-induced ERK1/2 activation in HEK293 δ re-
ceptor cells, indicating that TIPP and morphine, but not
DPDPE, stimulate ERK1/2 activity by transactivating EGFRs.

Mouse neuroblastoma x rat glioma hybrid cells (NG108-15
cells), which endogenously express high levels of δ receptors,
have been widely used to investigate acute and chronic opioid
actions. The TrkA receptor represents another member of the
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superfamily of RTKs that has been shown to link δ receptors to
the ERK1/2 signalling pathway in NG108-15 cells (Eisinger
andAmmer, 2008b). To further confirm that TIPP andmorphine
but not DPDPE can stimulate ERK1/2 activity by transactivating
a RTK,we determined the effects of GM6001 and the TrkA inhib-
itor AG879 on ERK1/2 phosphorylation stimulated by TIPP,
morphine and DPDPE. In line with the results obtained in the
HEK293 δ receptor cells, pretreatment of cells with GM6001
(25μM) and AG879 (10μM) led to a decrease in the ERK1/2
phosphorylation induced by TIPP (1μM) and morphine
(10μM) but not DPDPE (1μM) (Figure 1B).

To exclude another target of TIPP and morphine, we also
tested whether TIPP and morphine could induce ERK1/2 acti-
vation in δ receptor-null HEK293 cells, which did not express
any endogenous δ receptors. The data showed that the EGFR
agonist EGF, but neither TIPP nor morphine, stimulated
robust ERK1/2 phosphorylation in these cells (Figure 1C).

To determine if such agonist-specific involvement of the
transactivation of EGFR in δ receptor-mediated activation of
ERK1/2 uncovered in cultured cells could also occur in native
tissue, we investigated the effects of GM6001 and AG879 on
morphine and DPDPE-stimulated ERK1/2 activation in rat
brain. As shown in Figure 1D and E, i.c.v. administration of
DPDPE (100nmol · 10μL�1) and morphine (20nmol · 10μL�1)
both led to ERK1/2 activation specifically in the CeA of the
amygdala, an area critically involved in the development of
drug cravings (Lu et al., 2005); this was revealed by the increased
ERK1/2 staining detected by immunohistochemistry. Although
pretreatment with the selective δ receptor antagonist
naltrindole (5μg · 10μL�1, i.c.v.) for 15min blocked both the
morphine andDPDPE-induced increase in ERK1/2 staining, pre-
treatment with GM6001 (10ng · 10μL�1, i.c.v) and AG879
(5mM·10μL�1, i.c.v.) for 1h significantly inhibited only the
morphine but not the DPDPE-induced increase in ERK1/2 stain-
ing, confirming that the agonist-specific involvement of the
transactivation of EGFR in δ receptor-mediated activation of
ERK1/2 can also occur in vivo.
Stimulation of δ receptors with DPDPE
activates Src in a PTX-sensitive manner,
whereas stimulation of δ receptors by TIPP
and morphine activates PKCδ in a
PTX-insensitive manner
Src activation has been shown to be required for the
transactivation of EGFR by GPCRs (Pierce et al., 2001; Kim
et al., 2002; Noma et al., 2007).We further determined the effects
of morphine, TIPP and DPDPE on Src activation by detecting
Tyr416 residue phosphorylation of Src. Unexpectedly, treatment
of HEK293 δ receptor cells with DPDPE (1μM), but not TIPP
(1μM) or morphine (10μM), induced a significant Src phos-
phorylation at tyrosine 416, and this effect was inhibited by
10μM PP2 (Figure 2A). Pretreatment of HEK293 δ receptor cells
with PTX (100ng ·mL�1, 24h) abolished DPDPE-stimulated Src
phosphorylation (Figure 2B), suggesting that phosphorylation
of Src by DPDPE was Gi/o protein-dependent. To determine
whether Src phosphorylation was required for DPDPE-
stimulated ERK1/2 activation, we next examined the effect of
PP2 on DPDPE-stimulated ERK1/2 activation. As shown in
Figure 2C, pretreatment of HEK293 δ receptor cells with 20μM
PP2 for 30min blocked DPDPE but not TIPP- or morphine-



Figure 1
δ Receptor-mediated ERK1/2 activation stimulated by TIPP or morphine but not by DPDPE involves the transactivation of EGFR in cultured cells
and native tissues. (A, B) Serum-starved HEK293 δ receptor cells or NG108-15 cells were pretreated or not for 30min with the EGFR inhibitor
AG1478 (5 μM), TrkA receptor inhibitor AG879 (10 μM) or metalloproteinase inhibitor GM6001 (25 μM) and then stimulated or not for 5min
with 1 μM DPDPE, 1 μM TIPP or 10 μM morphine. Phospho-ERK1/2 was detected by immunoblotting with anti-phospho-ERK1/2 antibody, and
the bands were quantified by densitometry and expressed as fold of untreated control. Data represent at least three separated experiments.
*P< 0.05 and **P< 0.01 compared with the paired ligand alone-treated groups. (C) Serum-starved HEK293 cells were stimulated with 1 μM TIPP
or 10 μM morphine or EGF (10 ng ·mL�1) for 5min. (D, E) Animals were pretreated with the δ receptor antagonist naltrindole
(5 μg · 10 μL�1, i.c.v.) for 15min or GM6001 (10 ng · 10 μL�1, i.c.v) for 1 h or AG879 (5mM · 10 μL�1, i.c.v.) for 1 h and then administered
DPDPE (100 nmol · 10 μL�1) or morphine (20 nmol · 10 μL�1) i.c.v. Fifteenminutes later, immunohistochemical staining of phospho-ERK1/2-
positive cells in the amygdala of rats was performed as described previously. The number of animals in each group was at least seven.
**P< 0.01 and ***P< 0.001 compared with the corresponding control group, #P< 0.05 and ##P< 0.01 compared with the corresponding
ligand-untreated or ligand alone-treated control groups.
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Figure 2
DPDPE, TIPP and morphine differentially regulated phosphorylation of Src and PKCδ. (A) DPDPE but not TIPP and morphine induced Src
phosphorylation. (B) PTX blocked DPDPE-stimulated Src phosphorylation. (C) PP2 abolished DPDPE but not TIPP and morphine-stimulated
ERK1/2 activation. Serum-starved HEK293 δ receptor cells were pretreated or not with the Src inhibitor PP2 (20 μM) for 30min or with PTX
(100 ng · mL�1) for 24 h and then stimulated with 1 μM DPDPE or TIPP or 10 μM morphine for 5min. Phosphorylation of Src or ERK1/2 was
detected by immunoblotting, and the bands were quantified. (D) Morphine and TIPP but not DPDPE induced PKCδ phosphorylation.
(E) PTX failed to block TIPP and morphine-stimulated PKCδ phosphorylation. Serum-starved HEK293 δ receptor cells were pretreated or not for
24 h with PTX (100 ng ·mL�1) and then stimulated with 1 μM TIPP or 10 μM morphine for 5min. Data represent at least three separate exper-
iments. #P< 0.05, ##P< 0.01 compared with the DPDPE alone-treated group, *P< 0.05 and ***P< 0.001 compared with the drug-untreated
control groups.
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stimulated ERK1/2 activation, indicating that activation of Src
was essential for DPDPE but not TIPP- or morphine-stimulated
ERK1/2 activation.

These results, together with the findings mentioned previ-
ously that a metalloproteinase and RTK inhibitor fail to block
DPDPE-induced ERK1/2 activation, indicate that Src activation
may not be required for δ receptor-mediated ERK1/2 activation
by transactivating RTKs in response to morphine and TIPP.
Because PKCδ has been shown to activate metalloproteinases
and induce ectodomain shedding of the proheparin-binding
EGF-like growth factor (proHB-EGF) (Im et al., 2007; Yang et al.,
2009; Kveiborg et al., 2011), we next determined the effects of
morphine, TIPP and DPDPE on PKCδ phosphorylation at serine
643. As shown in Figure 2D, treatment of HEK293 δ receptor
cells with morphine (10μM) or TIPP (1μM), but not DPDPE
(1μM), induced a robust increase in PKCδ phosphorylation at
4852 British Journal of Pharmacology (2015) 172 4847–4863
serine 643, indicating that morphine and TIPP, but not DPDPE,
activate PKCδ. These results suggest that PKCδ is involved in δ
receptor-mediated ERK1/2 activation via transactivation of EGFR
in response to TIPP and morphine stimulation. PKCδ is a down-
stream effector of PLC, and its activation is DAG-dependent
(Olivier and Parker, 1991; Parker andMurray-Rust, 2004). Stimu-
lation of the δ receptor results in the activation of PLC by Gβγ
subunits released from activated Gi/o proteins (Murthy and
Makhlouf, 1996). To determine whether PKCδ activation stimu-
lated by morphine and TIPP was Gi/o protein-dependent, we
examined the effect of PTX on morphine and TIPP-induced
PKCδ activation. As shown in Figure 2E, pretreatment of
HEK293 δ receptor cells with PTX (100ng ·mL�1) for 24h failed
to block morphine- or TIPP-stimulated PKCδ phosphorylation,
suggesting that activation of PKCδ by morphine- or TIPP-
stimulated δ receptors is independent of Gi/o protein.
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PKCδ activity is required for δ
receptor-mediated ERK1/2 activation via
transactivation of EGFR in response to TIPP or
morphine but not DPDPE stimulation
Next, we investigated whether activation of PKCδ was
required for the δ receptor-mediated ERK1/2 activation
induced via transactivation of EGFR. We first detected δ
receptor-mediated stimulation of EGFR activity. As shown in
Figure 3A, treatment with morphine (10 μM) or TIPP (1 μM)
but not DPDPE (1 μM) led to a marked increase in EGFR phos-
phorylation, and this effect was inhibited significantly by
GF109203X (1 μM), a non-selective PKC inhibitor, suggestive
of a role for PKCδ in TIPP- andmorphine-induced EGFR phos-
phorylation. TIPP- and morphine-induced EGFR phosphory-
lation was also significantly suppressed by 25 μM GM6001
or 5 μM AG1478 (Figure 3A), indicating that metalloprotein-
ase was involved in EGFR activation. The role of PKCδ in the
Figure 3
PKCδ activity is required for δ receptor-mediated ERK1/2 activation via transact
tion. (A) Serum-starved HEK293 δ receptor cells were pretreated or not for 30m
stimulated or not for 5minwith 1 μMDPDPE or TIPP or 10μMmorphine. Then
using anti-phosphotyrosine antibody. (B) HEK293 δ receptor cells transfected
1 μM TIPP or 10μM morphine for 5min, and phospho-Tyr-EGFR was determ
activation. Serum-starved HEK293 δ receptor cells were pretreated or not for
or TIPP or 10μM morphine for 5min. (D–F) HEK293 δ receptor cells previou
treated with 1 μM DPDPE or TIPP or 10μM morphine for 5min. All bands
control. Data represent at least three separate experiments. *P< 0.05, **P<
or control siRNA-transfected groups.
transactivation of EGFR by δ receptors was further confirmed
by the finding that knockdown of PKCδ abolished TIPP- and
morphine-induced EGFR phosphorylation (Figure 3B).

To determine the role of PKCδ-mediated transactivation of
EGFR in δ receptor-mediated ERK1/2 activation, we next
examined the effect of GF109203Xon TIPP ormorphine-induced
ERK1/2 activation. As shown in Figure 3C, pretreatment of
HEK293 δ receptor cells with 1 μMGF109203X significantly at-
tenuated 10 μMmorphine- or 1 μMTIPP- but not 1 μMDPDPE-
induced ERK1/2 activation. The role of PKCδ-mediated
transactivation of EGFR by δ receptor was further supported
by the observation that knockdown of PKCδ drastically sup-
pressed TIPP- or morphine-induced but not DPDPE-induced
ERK1/2 activation (Figure 3D–F). Because HEK293 cells also
expressed PKC isoforms PKCα and PKCε (Uchiyama et al.,
2009), we thus also examined the effect of knockdown of PKCα
and PKCε with siRNAs on TIPP- and morphine-induced
ivation of EGFR in response to TIPP or morphine but not DPDPE stimula-
in with 1 μMGF109203X or 25μMGM6001 or 5 μMAG1478 and then
EGFRwas immunoprecipitated, and phospho-EGFRwas immunoblotted
with siRNA targeting PKCδ or with control siRNA were treated with

ined. (C) GF109203X suppressed morphine or TIPP-stimulated ERK1/2
30min with 1 μM GF109203X and then stimulated with 1 μM DPDPE
sly transfected with siRNA targeting PKCδ or with control siRNA were
were quantified by densitometry and expressed as fold of untreated
0.01 and ***P< 0.001 compared with the paired ligand alone-treated
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ERK1/2 activation. Silencing of either PKCα or PKCε with
siRNA had no significant effect on TIPP- or morphine-induced
ERK1/2 activation (Figure 4), indicating that PKCα and PKCε
were not involved in TIPP- and morphine-induced ERK1/2
activation. Overall, these results demonstrate that PKCδ plays
a key role in δ receptor-mediated ERK1/2 activation via
transactivation of EGFR.
PKCδ acts upstream of
metalloproteinase-dependent transactivation of
EGFR for δ receptor-mediated ERK1/2
activation in response to TIPP or morphine
treatment
EGFR transactivation is thought to be initiated by cleavage of
membrane-bound HB-EGF by a metalloproteinase, which leads
to the release ofHB-EGF and autophosphorylationof EGFR tyro-
sine residues (Prenzel et al., 1999). Based on the observations
that GM6001 and GF109203X inhibited δ receptor-mediated
Figure 4
PKCα or PKCε is not involved in morphine or TIPP-induced activation of ERK
phine-stimulated ERK1/2 phosphorylation. HEK293 δ receptor cells previous
treated with 1 μM TIPP or 10 μM morphine for 5min. (C, D) Silencing PKC
phosphorylation. HEK293 δ receptor cells previously transfected with siRNA
or 10 μMmorphine for 5min. Phospho-ERK1/2 was detected by immunoblo
tified by densitometry and expressed as fold of untreated control. Data rep
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ERK1/2 activation, induced via transactivation of EGFR, we as-
sumed that one or more metalloproteases function as effectors
of δ receptor signalling and PKCδ may contribute to the activa-
tion of metalloproteases. To confirm this speculation, we used
the transferred supernatant assay from which the involvement
of PKCδ-mediatedmetalloprotease activity in ERK1/2 activation
was detected by measuring the response in recipient cells lack-
ing δ receptors.Wefirst examinedwhether the supernatant from
TIPP- or morphine-treated δ receptor-expressing cells could in-
duce the activation of ERK1/2 in non-transfected (δ receptor
null) HEK293 cells, which did not express endogenous δ recep-
tors. As shown in Figure 5A, the addition of the supernatant
from TIPP- or morphine-treated δ receptor-expressing cells to δ
receptor-null cells increased ERK1/2 activity significantly above
the level observed in cells treated with supernatant from non-
stimulated δ receptor-expressing cells, and this effect was
prevented by the addition of GM6001 to δ receptor-expressing
donor cells and by the addition of AG1478 to the δ receptor-null
recipient cells, suggesting that δ receptor-mediated ERK1/2 acti-
vation through transactivation of EGFR could be attributed to
1/2. (A, B) Silencing PKCα with siRNA had no effect on TIPP- or mor-
ly transfected with siRNA targeting PKCα or with control siRNA were
ε with siRNA had no effect on TIPP- or morphine-stimulated ERK1/2
targeting PKCε or with control siRNA were treated with 1 μM TIPP

tting with anti-phospho-ERK1/2 antibody, and the bands were quan-
resent at least three separate experiments.



Figure 5
PKCδ acts upstream of metalloproteinase activation and is required for the release of the EGFR-activating factor. (A) Serum-starved δ receptor-null
receiving cells previously treated or not for 30min with 5 μM AG1478 were incubated for 5min with the transferred supernatant from δ
receptor-expressing donor cells previously treated or not for 30min with 25 μM GM6001 and stimulated or not with 1 μM DPDPE, 1 μM TIPP
or 10 μMmorphine for 5min. (B, C) Serum-starved δ receptor-null receiving cells previously treated or not for 30min with 1 μMGF109203X were
incubated for 5min with the transferred supernatant from δ receptor-expressing donor cells previously treated or not for 30min with 1 μM
GF109203X and stimulated or not with 1 μM TIPP or 10 μM morphine for 5min. Data represent at least three separate experiments. *P< 0.05,
**P< 0.01 and ***P< 0.001 compared with the ligand-untreated or the paired ligand alone-treated groups. (E) Serum-starved HEK293δ receptor
cells were pretreated or not for 30min with 5 μM AG1478 or 25 μM GM6001 and then stimulated with 1 μM DPDPE, 1 μM TIPP or 10 μM
morphine for 5min. Data represent at least three independent experiments. **P< 0.01 compared with the drug-untreated control groups; NS,
P> 0.05 compared with the paired ligand alone-treated control groups.
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the metalloproteinase-mediated cleavage and extracellular
shedding of transactivating factors such as HB-EGF by which
EGFR is activated. The requirement of δ receptor-mediated acti-
vation ofmetalloproteinase and shedding of transactivating fac-
tors, such as HB-EGF, for TIPP- and morphine-stimulated
ERK1/2 activationwas further substantiated by the observations
that stimulation of δ receptor-null cells with 1μMTIPP or 10μM
morphine failed to induce any detectable ERK1/2 phosphoryla-
tion; however, stimulation of δ receptor-null cells with EGF
(10ng ·mL�1) led to a robust ERK1/2 phosphorylation
(Figure 1C). We next verified whether PKCδ was required for
the metalloproteinase-dependent shedding of transactivating
factors by adding GF109203X (1μM) to δ receptor-expressing
donor cells. As shown in Figure 5B and C, the addition of
supernatant from TIPP or morphine-treated δ receptor-
expressing donor cells that were pretreated with GF109203X,
to the δ receptor-null receiving cells was unable to increase
ERK1/2 activity, suggesting that PKCδ was required for the
metalloproteinase-dependent shedding of transactivating fac-
tors and transactivation of EGFR.

Although our results suggest an early activation of PKCδ
by δ receptors upstream of the metalloproteinase-dependent
EGFR transactivation, our findings do not exclude the in-
volvement of PKCδ activity in ERK1/2 activation downstream
of EGFR transactivation, because EGFRs have also been
shown to regulate PKC activity (Yarden and Sliwkowski,
2001; Woods and Johnson, 2007; Chung and Ge, 2012).
Thus, we next determined whether PKCδ contributed to the
activation of ERK1/2 only by acting upstream of the
transactivation of EGFR and not by acting downstream of
EGFR. To do this, we used the transferred supernatant assay
in which GF109203X (1 μM) was added to the δ receptor-null
British Journal of Pharmacology (2015) 172 4847–4863 4855
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recipient cells. Whereas the TIPP- or morphine-stimulated in-
crease in ERK1/2 activation in the receiving cells was
completely abolished by GF109203X pretreatment of the δ
receptor-expressing donor cells, it was not affected by inhibi-
tion of PKCδ in the δ receptor-null receiving cells (Figure 5B
and C), suggesting that, after the transactivating ligand was
released in the extracellular medium, PKCδ activity was no
longer required. To further confirm that PKCδ acted upstream
of EGFR transactivation, we examined the effects of GM6001
and AG1478 on δ receptor-mediated activation of PKCδ. As
shown in Figure 5E, pretreatment of HEK293 δ receptor cells
with GM6001 (25 μM) and AG1478 (5 μM) did not alter the
ability of TIPP (1 μM) or morphine (10 μM) to promote PKCδ
phosphorylation at serine 643, although they completely
abolished ERK1/2 activation in response to TIPP or morphine
stimulation (Figure 1A), supporting the concept that PKCδ ac-
tivation occurred upstream of EGFR transactivation. Taken
together, these results clearly indicate that PKCδ acts only up-
stream of the metalloproteinase-dependent transactivation
event.
β-arrestin2 is required downstream of EGFR
transactivation for δ receptor-mediated ERK1/2
activation in response to TIPP or morphine
stimulation
Although the data mentioned previously clearly demonstrate
that ERK1/2 activation by morphine and TIPP requires the
transactivation of EGFR by the δ receptors, our previous study
also showed that TIPP-stimulated ERK1/2 activation is
β-arrestin dependent, as the knockdown of β-arrestin expres-
sion using siRNAs abolished TIPP-stimulated ERK1/2 activa-
tion (Xu et al., 2010). These results led us to assume that the
engagement of β-arrestin and the transactivation of EGFR
might be two correlative molecular events involved in TIPP-
and morphine-stimulated ERK1/2 activation. β-arrestin
may either act upstream of EGFR transactivation as a media-
tor of δ receptor transactivation of EGFR as it does in
β1-adrenoceptor-mediated activation of ERK1/2 (Noma et al.,
2007; Tilley et al., 2009) or it acts downstream of EGFR
transactivation as in V2 vasopressin receptor-mediated
ERK1/2 activation (Oligny-Longpre et al., 2012). To investi-
gate this, we first tested whether β-arrestins were required
for TIP- or morphine-induced activation of ERK1/2. To do
this, we manipulated the levels of endogenous β-arrestin1,
β-arrestin2 or both using siRNAs to inhibit their expression
and then determined the level of ERK1/2 activation stimu-
lated by TIPP, morphine or DPDPE in HEK293 δ receptor cells.
siRNAs, targeting β-arrestin1 or β-arrestin2 or both, selec-
tively and effectively silenced the expression of each β-
arrestin (data not shown). Consistent with our previous study
(Xu et al., 2010), suppression of β-arrestin1 or β-arrestin2 or
both using siRNAs reduced the level of ERK1/2 activation
stimulated by TIPP or morphine but not by DPDPE compared
with control siRNA-transfected cells, indicating that TIPP and
morphine, but not DPDPE, activated ERK1/2 in a β-arrestin-
dependent manner (Figure 6A).

Compared with β-arrestin1, silencing of of β-arrestin2 had
more profound effects on δ receptor-mediated ERK1/2 activa-
tion (Figure 6A); β-arrestin2 is known to have an important role
in the functional adaptations in response to acute and chronic
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opioid agonist treatment (Bohn et al., 1999, 2000; Audet et al.,
2012); we next focused our attention on the role of β-arrestin2
in δ receptor-mediated transactivation of EGFR. We examined
whether β-arrestin2 acted upstream or downstream of EGFR
transactivationusing the transferred supernatant assay inwhich
endogenous β-arrestin2 expression was interfered with respec-
tively in donor or recipient cells. As shown in Figure 6B, β-
arrestin2 knockdown in the δ receptor-expressing donor cells
did not inhibit activation of ERK1/2 in the δ receptor-null recip-
ient cells induced by supernatant transferred from the donor
cells treated with 1μM TIPP (left panel) or 10μM morphine
(right panel), whereas knockdown of the acceptor’s β-arrestin2
resulted in a remarkable inhibition of ERK1/2 activation (right
panel) (Figure 6C), suggesting that β-arrestin2 acted
downstream of EGFR transactivation but was not required for
the metalloproteinase-mediated shedding of the EGFR
transactivating ligand.

The recruitment of β-arrestin to activated GPCRs is re-
quired for its function as a signal transducer linking GPCRs
to ERK1/2 signalling (McDonald et al., 2000; Luttrell et al.,
2001). Given the fact that δ receptor-null recipient cells do
not express any endogenous δ receptors (Figure 1C), the role
of β-arrestin2 downstream of EGFR transactivation in these
cells after supernatant transfer implicates the existence of a
distinct stimulating signal triggering β-arrestin engagement.
Previous studies have shown that EGFR can recruit β-arrestins
in response to its cognate ligand stimulation (Dalle et al.,
2001; Oligny-Longpre et al., 2012). We thus hypothesized
that EGFR could possibly conserve this signalling capacity
in the context of the transactivation event by δ receptors
when stimulated by TIPP or morphine. Supporting this hy-
pothesis, co-immunoprecipitation experiments revealed that
β-arrestin2 was associated with the endogenously expressed
EGFR following morphine or TIPP but not DPDPE stimula-
tion (Figure 6D).
DPDPE can activate ERK1/2 through
transactivation of EGFR in HEK293 cells
expressing S363A mutant δ receptor as TIPP or
morphine did in cells expressing the wild-type δ
receptor
The Ser363 residue of the δ receptor plays an important role in
the regulation of receptor functions (Trapaidze et al., 1996;
Kouhen et al., 2000; Law et al., 2000). Our previous study also
demonstrated that the Ser363 residue of the δ receptor is cru-
cial for the ligand-specific δ receptor adoption of distinct sig-
nalling pathway to activate ERK1/2 (Xu et al., 2010). To
further investigate the mechanisms underlying ligand-
specific engagement of β-arrestin2 for ERK1/2 activation
through the transactivation of EGFR, we determined the role
of the Ser363 residue of the δ receptor in ligand-specific en-
gagement of β-arrestin2 for transactivation of EGFR. To this
end, we tested the effects of DPDPE stimulation on PKCδ acti-
vation and EGFR phosphorylation and determined whether
the silencing of PKCδ or β-arrestin2 expression with siRNA
had an effect on DPDPE-stimulated ERK1/2 activation in
HEK293 cells expressing the mutant δ receptor in which
Ser363 was replaced by alanine (S363A). As shown in
Figure 7A, in the cells expressing the S363 mutant δ receptors
(S363A δ receptors), DPDPE (1 μM) failed to yield



Figure 6
β-Arrestin2 is required for δ receptor-mediated ERK1/2 activation stimulated by morphine and TIPP but not by DPDPE and acts downstream of
EGFR transactivation. (A) HEK293 δ receptor cells were transfected with siRNAs targeting β-arrestin1, β-arrestin2 or both, or with control siRNA,
and then stimulated with 1 μM DPDPE, 1 μM TIPP or 10 μMmorphine for 5min. (B) Serum-starved δ receptor-null receiving cells were incubated
for 5min with the transferred supernatant from δ receptor-expressing donor cells previously knockeddown for either or both β-arrestins and stim-
ulated or not with 1 μM TIPP (left panel) or 10 μM morphine (right panel) for 5min. (C) Serum-starved δ receptor-null receiving cells previously
transfected with siRNA were incubated for 5min with the transferred supernatant from δ receptor-
expressing cells stimulated or not with 1 μM TIPP (left panel) or 10μMmorphine (right panel) for 5min. β-Arrestin2 knockdown was detected with the
anti-β-arrestin1/2 antibody. (D) HEK293 δ receptor cells transiently expressing β-arrestin2-GFP or not were stimulated with 1 μM DPDPE, 1 μM TIPP or
10 μM morphine for 5min, and then cells were subjected to immunoprecipitation. Co-immunoprecipitation of β-arrestin2 and endogenous EGFRs and
transfected β-arrestin2 in cell lysates were detected. The bands were quantified by densitometry, calculated as the ratios of β-arrestin2 and EGFR and
expressed as fold of untreatedwild-type control. Data represent at least three separate experiments. *P< 0.05, **P< 0.01 and ***P< 0.001 comparedwith
the drug-untreated and the paired control siRNA group.
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phosphorylation of δ receptors at Ser363, as did TIPP (1 μM)
and morphine (10 μM) in cells expressing wild-type δ recep-
tors. Additionally, in contrast to its effects in cells expressing
wild-type δ receptors, DPDPE treatment failed to activate Src
but activated PKCδ in a PTX-insensitive manner (Figure 7B
and C). Moreover, DPDPE induced phosphorylation of EGFR
and ERK1/2, which could be inhibited by 1 μM GF109203X,
25 μM GM6001 or 5 μM AG1478 (Figure 7D and E). ERK1/2
activation induced by DPDPE was also sensitive to PKCδ
siRNA and β-arrestin2 siRNA (Figure 7F and G). These results
indicate that stimulation of the S363A δ receptors with
DPDPE uses β-arrestin2 as a signal transducer to activate
ERK1/2 via PKCδ-dependent activation of metalloproteinase
shedding of transactivating factors, as TIPP and morphine
did in cells expressing wild-type δ receptors.

The aim of the following experiments was to investigate
whether PKCδ acted upstream of EGFR transactivation
and/or β-arrestins acted downstream of EGFR transactivation
British Journal of Pharmacology (2015) 172 4847–4863 4857



Figure 7
DPDPE can activate ERK1/2 by employing β-arrestin2 via PKCδ-mediated transactivation of EGFR in HEK293 cells expressing the S363A mutant δ
receptor. (A) Cells stably expressing wild-type δ receptors or S363A δ receptors were stimulated with 1 μM DPDPE or TIPP or 10 μMmorphine for
5min. The phosphorylation of the Ser363 residue in the δ receptors was verified. (B, C) Cells stably expressing S363A δ receptors were pretreated or
not with PTX (100 ng ·mL�1) for 24 h and then stimulated with 1 μM DPDPE for 5min. The phosphorylation of Src or PKCδ was detected and
expressed as fold of untreated control. (D, E) Serum-starved S363A δ receptor cells were pretreated with either 1 μM GF109203X, 25 μM
GM6001 or 5 μM AG1478 for 30min and then stimulated with 1 μM DPDPE for 5min. (F) Cells expressing S363A δ receptors previously
transfected with siRNA targeting PKCδ or control siRNA were treated with 1 μM DPDPE for 5min. (G) Cells expressing S363A δ receptors were
transfected with siRNAs targeting β-arrestin1, β-arrestin2 or with siRNA control and then stimulated with 1 μM DPDPE for 5min. Data represent
at least three separate experiments. *P< 0.05, **P< 0.01 and ***P< 0.001 compared with DPDPE-untreated or the DPDPE alone-treated or the
paired control siRNA groups.
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in the process of DPDPE-induced ERK1/2 activation through
δ receptor-mediated transactivation of EGFR in S363A δ
receptor/HEK293 cells. To accomplish this, we first deter-
mined the effect of the addition of GF109203X to donor cells
4858 British Journal of Pharmacology (2015) 172 4847–4863
or δ receptor-null recipient cells on DPDPE-stimulated
ERK1/2 activation using the transferred supernatant assay.
As shown in Figure 8A, whereas the addition of GF109203X
(1 μM) to the S363A δ receptor-expressing donor cells resulted



Figure 8
β-Arrestin2 is required for DPDPE-stimulated ERK1/2 activation and acts downstream of the PKCδ-mediated activation of metalloproteinase and
transactivation of EGFR in HEK293 cells stably expressing the S363A δ receptor. (A) Serum-starved S363A δ receptor-null receiving cells previously
treated or not for 30min with the PKC inhibitor 1 μMGF109203X were incubated for 5min with the transferred supernatant from S363A δ recep-
tor-expressing donor cells previously incubated or not for 30min with 1 μM GF109203X and stimulated or not with 1 μM DPDPE for 5min. (B)
Serum-starved S363A δ receptor-null receiving cells were incubated for 5min with the transferred supernatant from δ receptor-expressing donor
cells previously transfected with siRNA targeting β-arrestin2 or control siRNA and stimulated or not with1 μMDPDPE for 5min. (C) Serum-starved
S363A δ receptor-null receiving cells previously transfected with siRNAs targeting β-arrestin2 or control siRNA were incubated for 5min with the
transferred supernatant from S363A δ receptor-expressing donor cells previously stimulated or not with 1 μMDPDPE for 5min. Data represent at
least three separate experiments. *P< 0.05 and **P< 0.01 compared with the DPDPE-untreated or the DPDPE alone-treated or the control siRNA
group.
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in a drastic inhibition of ERK1/2 activation in the S363A δ
receptor-null receiving cells induced by supernatant trans-
ferred from 1 μM DPDPE-treated donor cells, the presence of
GF109203X in the δ receptor-null receiving cells did not in-
hibit the activation of ERK1/2 induced by supernatant from
donor cells, indicating that PKCδ acted upstream but not
downstream of EGFR transactivation. We next examined the
effect of interfering with endogenous β-arrestin2 expression
in donor or recipient cells on DPDPE-stimulated ERK activa-
tion. As shown in Figure 8B and C, β-arrestin2 knockdown
in the S363A δ receptor-expressing donor cells treated with
DPDPE did not inhibit supernatant-induced activation of
ERK1/2 in the receiving cells, which differed from the effec
of β-arrestin2 knockdown in the S363A δ receptor-null receiv-
ing cells induced by transferred supernatant, suggesting that
β-arrestin2 acted downstream of EGFR transactivation. Taken
together, these results suggest a crucial role of the Ser363 resi-
due of the δ receptors in the agonist-specific engagement of β-
arrestin2 for δ receptor-mediated ERK1/2 activation mediated
by transactivation of EGFR (Figure 9).
Discussion
The δ receptor can employ multiple mechanisms to activate
ERK1/2, including G-protein dependent and independent pro-
cesses. Protein tyrosine kinases play an important role in opioid
receptor-mediated activation of ERK1/2. It has been reported
that δ receptors activate ERK1/2 by releasing G-protein βγ sub-
units, leading to the recruitment of the non-RTK Src, which
serves as a mediator of Ras activity and thus activates an Ras-
dependent cascade (Belcheva et al., 1998). The δ receptor has
also been shown to activate ERK1/2 by transactivating RTKs
such as the EGFR (Eisinger and Schulz, 2004; Cohen et al.,
2007; Forster et al., 2007). Recently, we demonstrated that β-
arrestins function as signal transducers linking δ receptor stimu-
lation to ERK1/2 activation by scaffolding component kinases of
the ERK cascade in a G-protein-independent manner, following
stimulation of δ receptors with the specific agonist morphine or
TIPP (Xu et al., 2010). Moreover, we found that the recruitment
of β-arrestins to the δ receptors may not be required for its
scaffolding function because TIPP and morphine were both un-
able to promote β-arrestins bound to the activated δ receptors
(Hong et al., 2009), although the recruitment of β-arrestin to
the activated GPCRs has been clearly shown to be necessary
for its scaffolding function (Luttrell et al., 1999; McDonald
et al., 2000; Luttrell et al., 2001). The present study extends our
previous findings by revealing that the recruitment of β-arrestin
to the transactivated EGFR rather than the activated δ receptors
is required for its role in δ receptor-mediated ERK1/2 activation
and supports the notion that β-arrestins can serve as a
downstream effector of crosstalk between GPCRs and RTKs
(Oligny-Longpre et al., 2012). In comparison with β-arrestin1,
silencing β-arrestin2 produced a more pronounced inhibition
British Journal of Pharmacology (2015) 172 4847–4863 4859



Figure 9
Schematic representation of δ receptor-mediated ERK1/2 activation via the PKCδ/EGFR/β-arrestin2 signalling pathway in response to specific ag-
onist stimulation. DPDPE binding to δ receptors results in the dissociation of heterotrimeric G-proteins into Gα-GTP and Gβγ subunits. Gβγ subunit
release leads to the recruitment and activation of Src, which causes tyrosine phosphorylation of the δ receptors, producing an SH2 site that might
bind to Shc, Grb2 and additional downstreammolecules to activate the Ras-dependent ERK cascade, whereas the binding of TIPP or morphine to δ
receptors activates PKCδ rather than Src, which results in the activation of metalloproteinase (MMP), release of heparin-binding EGF-like factor
(HB-EGF) and transactivation of EGFR. The transactivated EGFR can then activate ERK1/2 by recruiting β-arrestins as a scaffold to assemble com-
ponent kinases of the ERK cascade. Mutation of the Ser363 residue of the δ receptor can switch DPDPE from activation of Src to activation of PKCδ
and thus allows it gain the ability to appropriate the PKCδ/EGFR/β-arrestin2 signalling pathway to activate ERK1/2.
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of ERK1/2 activation (Figure 6A). Although it is possible that β-
arrestin1 is partially involved, our results clearly indicate that
β-arrestin2 plays a critical role. We further demonstrated that
β-arrestin2 acted downstream of EGFR transactivation, because
β-arrestin2 knockdown in the δ receptor-expressing donor cells
did not inhibit the activation of ERK1/2 in the δ receptor-null
receiving cells, whereas β-arrestin2 depletion in the δ
receptor-null receiving cells resulted in a drastic inhibition
of the ERK1/2 activation induced by supernatant transfer
from TIPP- or morphine-treated δ receptor-expressing donor
cells. Moreover, an immunocomplex association of β-
arrestin2 with EGFR (Figure 6D), but not with the δ receptor
(Hong et al., 2009), can be detected in response to stimulation
of δ receptors with TIPP or morphine, indicating that the
β-arrestin2 is recruited by the transactivated EGFR rather than
by the activated δ receptors. Our findings suggest that β-
arrestins may not be exclusively GPCR-binding adapters or
scaffolds as thought previously, which is consistent with a
recent study demonstrating that β-arrestins act downstream
of the IGFR transactivation for the V2 vasopressin and the
platelet-activating factor receptors (Oligny-Longpre et al.,
2012). Additionally, the present study also suggests that the
receptor complex between the δ receptor and EGFR may not
be a prerequisite for EGFR-dependent and β-arrestin-dependent
activation of ERK1/2 by the δ receptors, as the EGFR
transactivating ligand released after stimulation of δ receptors
by TIPP or morphine can activate ERK1/2 in cells devoid of δ
receptors in a β-arrestin-dependent manner. This contrasts with
results from several previous studies showing that a physical
association between a GPCR, β-arrestins and an RTK in a
multiprotein complex is involved in RTK-dependent and β-
arrestin-dependent activation of ERK1/2 by a GPCR (Maudsley
et al., 2000; Alderton et al., 2001; Tilley et al., 2009).
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The other novel findings of this study are that the engage-
ment of β-arrestin2 in δ receptor-mediated ERK1/2 activation
through the transactivated EGFR is agonist specific and the
Ser363 of δ receptors is crucial for ligand-specific modification
of the ERK1/2 activation pathways. DPDPE was found to
activate Src, while morphine and TIPP were found to activate
PKCδ. Transactivation of EGFR by GPCRs involves
metalloproteinase-mediated cleavage and extracellular shed-
ding of heparin-binding EGF (HB-EGF) (Prenzel et al., 1999).
Although Src has been reported to link GPCR stimulation to
the activatation of metalloproteinases and transactivation
of EGFR (Daub et al., 1997; Pierce et al., 2001; Kim et al.,
2002; Noma et al., 2007), it fails to activate metalloprotein-
ases and transactivate EGFR upon stimulation of δ receptors
with DPDPE, as metalloproteinase and EGFR inhibitors are
unable to block DPDPE-induced ERK1/2 activation. However,
in contrast to previous findings that showed PKCδ induces
ectodomain shedding of the proHB-EGF by activating metal-
loproteinases (Im et al., 2007; Yang et al., 2009; Kveiborg et al.,
2011), we found that PKCδ activated by morphine or TIPP is
able to induce metalloproteinase-dependent release of HB-
EGF in the extracellular medium after δ receptor stimulation,
leading to the transactivation of EGFR. Although HB-EGF was
not detected directly in the present study, it is clearly released
in the medium of TIPP or morphine-stimulated, δ receptor-
expressing cells, as small interfering RNA to PKCδ or inhibi-
tion of PKCδ activity by GF109203X inhibited TIPP- or
morphine-induced EGFR phosphorylation, and the transfer
of supernatant from the δ receptor-expressing donor cells
led to EGFR-dependent ERK1/2 activation in HEK293 cells de-
void of endogenous δ receptors. Indeed, transactivation of
EGFR by δ receptors through PKCδ has been demonstrated
in a previous study (Eisinger and Ammer, 2008a).
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Currently, the precise mechanisms underlying the differ-
ent activation of Src and PKCδ by DPDPE, TIPP andmorphine
are unclear. Distinct receptor configurations formed upon oc-
cupancy of receptors by these ligands might be responsible
for these differences. There is accumulating evidence suggest-
ing that the GPCRs can adopt different active configurations,
which may couple to specific signalling pathways (Ghanouni
et al., 2001; Azzi et al., 2003). DPDPE may stabilize a receptor
configuration that couples Gi/o protein. In this case, δ recep-
tor stimulation would result in the release of Gβγ, leading to
the recruitment and activation of Src. This is supported by
evidence that PTX and PP2 abolish DPDPE-induced ERK1/2
activation (Audet et al., 2005; Hong et al., 2009) and stimula-
tion of δ receptors with DPDPE induces an association of Gβγ
with Src (Xu et al., 2010). Whereas the configuration stabi-
lized by TIPP and morphine may be unable to couple Gi/o
protein but, instead, couples another PTX-insensitive G-
protein, as PTX failed to block morphine and TIPP-induced
activation of PKCδ (Figure 2E) and stimulation of δ receptors
with TIPP was unable to induce an association of Gβγ with
Src (Xu et al., 2010). The Gq family proteins may be a possible
candidate for coupling to the configuration stabilized by TIPP
and morphine, because δ receptor stimulation has been
shown to activate Gq family proteins and yield PLC (Lee
et al., 1998; Ho et al., 2001; Lo and Wong, 2004), which may
result in PKCδ activation by the hydrolyzation of
phosphatidylinositol-4,5-bisphosphate into IP3 and DAG.

Certain residues in the C-terminal of GPCRs may be cru-
cial for the formation of distinct active receptor configura-
tions in response to stimulation by specific agonists.
Mutations or alterations in the state of phosphorylation of
these residues may lead to changes in the receptor configura-
tions stabilized by specific agonists, thereby resulting in cou-
pling to distinct signalling pathways. Indeed, it has been
shown that the mutation of certain residues of the β2-
adrenoceptor and angiotensin AT1A receptor can shift these
two receptors to activate ERK1/2 from a G-protein-dependent
mechanism to a β-arrestin-dependent mechanism (Wei et al.,
2003; Shenoy et al., 2006). The present study also demon-
strates that themutation of the Ser363 residue of the δ receptor
can switch DPDPE from activation of Src to activation of
PKCδ and thus allow it gain the ability to appropriate the
PKCδ/EGFR/β-arrestin2 signalling pathway to activate
ERK1/2. Our findings suggest that the Ser363 of δ receptors is
crucial for ligand-specific engagement of β-arrestin2 for
ERK1/2 activation through the transactivation of EGFR.

Our in vivo data suggested that δ receptor-mediated activa-
tion of ERK1/2 via transactivation of RTK may be physiologi-
cally relevant, because it can be observed in the central (CeA)
nuclei of the amygdala in rats following morphine but not
DPDPE stimulation. As found in the NG108-15 cells, the
mechanism leading to the ERK1/2 activation in the CeA of
the amygdala relied on the activation of a metalloproteinase
and TrkA receptors, because the metalloproteinase and TrkA
receptors inhibitors significantly blocked the morphine-
stimulated ERK1/2 phosphorylation in the CeA of the amyg-
dala. Our in vitro and in vivo studies also demonstrated that
agonist-bound δ receptors transactivated different RTKs in
different cell lines to activate ERK1/2. Specifically, EGFR was
transactivated in the HEK293 cells, whereas TrkA was
transactivated in the NG108-15 cells and CeA of the
amygdala. These results demonstrated that δ receptors used
distinct signalling partners to lead to the same outcome; this
is consistent with previous findings showing that adenosine
A2A receptors activate downstream signalling by
transactivating Trk receptors, in PC12 cells and hippocampal
neurons (Wiese et al., 2007), but EGFR in vascular smooth
muscle cells (Lin et al., 2012). Future work is required to estab-
lish the importance of the δ receptor-mediated activation of
ERK1/2 via agonist-specific transactivation of RTK in the de-
velopment of opiate drug tolerance and dependence.
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