THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 50, pp. 34819-34828, December 11, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Down-regulation of c-Cbl by Morphine Accounts for
Persistent ERK1/2 Signaling in 0-Opioid Receptor-expressing

HEK293 Cells

Received for publication, July 9, 2009, and in revised form, September 24, 2009 Published, JBC Papers in Press, October 14, 2009, DOI 10.1074/jbc.M109.042937

Daniela A. Eisinger' and Hermann Ammer

From the Institute of Pharmacology, Toxicology and Pharmacy, Ludwig-Maximilians-University Munich,

80539 Muenchen, Germany

Opioids display ligand-specific differences in the time course
of ERK1/2 signaling. Whereas full agonists, like etorphine,
induce only transient activation of ERK1/2, the partial agonist
morphine mediates persistent stimulation of mitogenic signal-
ing. Here we report that in stably 8-opioid receptor (DOR)-ex-
pressing HEK293 (HEK/DOR) cells, the transient nature of etor-
phine-induced ERK1/2 signaling is due to desensitization of
epidermal growth factor (EGF) receptor-mediated activation
of the Ras/Raf-1/ERK1/2 cascade. Desensitization of ERK1/2
activity by etorphine is associated with down-regulation of EGF
receptors, an effect mediated by the ubiquitin ligase c-Cbl. In
contrast, chronic morphine treatment failed to desensitize EGF
receptors, resulting in unimpeded ERK1/2 signaling. The failure
of morphine to desensitize ERK1/2 signaling is mediated by per-
sistent activation of c-Src, which induces degradation of c-Cbl.
The role of c-Src in opioid-specific ERK1/2 signaling is further
demonstrated by pretreatment of the cells with PP2 and SKI-I
as well as overexpression of a dominant negative c¢-Src mutant
(c-Src(dn)) or a c-Src-resistant ¢-Cbl mutant (CblY3F), both of
which facilitate desensitization of ERK1/2 signaling by mor-
phine. Conversely, overexpression of c-Src as well as down-reg-
ulation of c-Cbl by small interfering RNA results in persistent
etorphine-induced stimulation of ERK1/2 activity. Subcellular
fractionation experiments finally attributed the ability of mor-
phine to persistently activate c-Src to its redistribution from
Triton X-100-insensitive membrane rafts to DOR and EGF
receptor containing high density membrane compartments
implicated in ERK1/2 signaling. These results demonstrate that
agonist-specific differences in the temporal and spatial pattern
of ¢c-Src activation determine the kinetics of DOR-mediated reg-
ulation of ERK1/2 signaling.

Activation of G protein-coupled receptors (GPCRs)? results
in stimulation of ERK 1/2, two members of the family of
MAPKSs implicated in cell growth, differentiation, and prolifer-
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ation (1). The intracellular pathways mediating ERK1/2 stimu-
lation include transactivation of receptor tyrosine kinases
(RTK), e.g. the epidermal growth factor (EGF) receptor, which
integrates a number of different GPCR-derived signals to acti-
vation of the well conserved Ras/Raf-1/ERK1/2 signal transduc-
tion module (2). Generally, the duration of ERK1/2 signaling by
GPCRs is transient and desensitizes rapidly within minutes
after receptor stimulation (3). This time course is best demon-
strated for 8-opioid receptor (DOR) carrying cell lines and tis-
sues, in which a number of full opioid agonists, like the alkaloid
etorphine and the opioid peptide [p-Pen**]enkephalin, pro-
duce short term stimulation of ERK1/2 signaling that peaks
after 5 min and completely reverts to control levels within 60
min of receptor stimulation (4, 5). Desensitization of GPCR-
induced mitogenic signaling is mediated by degradation rather
than phosphorylation and internalization of transactivated
RTKs, because endocytosed EGF receptors are still able to
mediate ERK1/2 activation (6, 7). Besides the induction of tran-
sient mitogenic signaling, the DOR system is also characterized
by the ability of morphine to induce long lasting stimulation of
the ERK1/2 pathway (8). Because stimulation of ERK1/2 activ-
ity by morphine is also mediated by transactivation of EGF
receptors (4), it might be speculated that the ligand-specific
property of morphine to produce persistent ERK1/2 stimula-
tion is mediated by its failure to desensitize RTK signaling.
Morphine, a partial alkaloid agonist, differs from other opi-
oids because it fails to induce opioid receptor desensitization
and internalization (9). As a consequence, chronic morphine
treatment is associated with a number of compensatory adap-
tations on a post-receptor level, including quantitative and
qualitative changes in G proteins (10), effectors (11), and regu-
lators of GPCR sensitivity (12, 13). Among the latter, protein
kinase A- and protein kinase C-mediated phosphorylation of
Gp subunits, adenylyl cyclase type II, and G protein-coupled
receptor kinase 2 (GRK2) has been shown to enhance opioid
receptor signaling (12, 14). In addition, chronic morphine treat-
ment also results in inhibition of B-arrestinl function, an
adapter protein that plays a central role in receptor sequestra-
tion and endocytosis. Because the B-arrestinl-dependent path-
way is not specific for a certain receptor, chronic morphine
treatment not only results in attenuation of homologous desen-
sitization but also of heterologous desensitization of other
inhibitory GPCRs, like the CB1 cannabinoid and M, musca-
rinic receptor (8). Besides their role in GPCR signaling, B-arres-
tinl, GRK2, and GB7y subunits have also been shown to regulate
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the function of diverse RTKs, like the insulin-like growth factor
Ireceptor, platelet-derived growth factor receptor, and the EGF
receptor (15-17). Thus, it is tempting to speculate whether
chronic opioid treatment might also interfere with the regula-
tion of RTK function. Indeed, chronic morphine treatment has
been recently shown to promote insulin receptor signaling by
increasing receptor abundance (18).

The function of EGF receptors is regulated by c-Cbl, an adap-
tor protein of the family of casitas B-lineage lymphoma proteins
(19). In response to receptor activation, the primarily cytosolic
protein is targeted to the autophosphorylated EGF receptor
(Tyr'°*) where it transfers ubiquitin to the C terminus and
directs the receptor to proteasomal degradation (20). The activ-
ity of c-Cbl in turn is subject to regulation by the Src kinase
family (19). Besides their role in regulation of EGF receptor
activity, Src kinases are also involved in a number of different
GPCR mechanisms (21, 22), providing a potential target for
cross-regulation of c-Cbl function by GPCRs (23). In this
respect, c-Src has been implicated in many aspects of DOR
function, including the duration of opioid-stimulated ERK1/2
signaling (5). Thus, the aim of the present study was to investi-
gate whether c¢-Src-regulated c-Cbl is involved in the termina-
tion of DOR-stimulated ERK1/2 signaling by full opioid ago-
nists and whether morphine differs in this aspect. Our results
demonstrate that in stably DOR-expressing HEK293 cells,
chronic morphine treatment is associated with subcellular
redistribution and persistent activation of ¢-Src, a ligand-spe-
cific property that prevents EGF receptor down-regulation and
enables persistent ERK1/2 signaling by degradation of c-Cbl.

EXPERIMENTAL PROCEDURES

Cell Culture—HEK293 cells stably expressing the wild type
or HA-tagged form of the mouse DOR (HEK/DOR and HEK/
HA-DOR; 1.4 = 0.2 and 1.7 = 0.1 pmol receptors/mg mem-
brane of protein, respectively) were generated as described (8).
The cells were cultured under standard conditions in Dulbec-
co’s modified Eagle’s medium containing 100 units/ml penicil-
lin, 100 ug/ml streptomycin, and 10% fetal calf serum in a
humidified atmosphere of 5% CO, in air at 37 °C. Where indi-
cated, the cells were transfected to transiently overexpress
¢-Cbl, a ¢-Src-resistant mutant of ¢-Cbl (CblY3F), ¢-Src, and a
dominant negative mutant of ¢-Src (¢c-Src(dn)), using the Meta-
fectene Pro™ transfection reagent (Biontex Laboratories,
Martinsried, Germany). All of the cDNAs were subcloned into
plasmid pcDNA3.1 (Invitrogen), and the cells were used for
experimentation 24 h after transfection. The cells transfected
with empty vector served as controls throughout. Knockdown
of ¢-Cbl expression was achieved by transfection of HEK/DOR
cells with three target-specific siRNAs (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) according to the manufacturer’s protocol.
The cells transfected with control siRNA-A from the same
company were used as the control.

Cell Treatment—Naive or transiently transfected HEK/DOR
cells were seeded onto 12-well tissue culture plates and allowed
to grow overnight. Subconfluent monolayers were then washed
and equilibrated to serum-reduced conditions (Dulbecco’s
modified Eagle’s medium containing 0.1% fetal calf serum) for
2 h at 37 °C. The cells were treated with etorphine, morphine
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HCI, EGF, and phorbol 12-myristate 13-acetate for the times
and concentrations indicated in the text. In some experiments,
the function of EGF receptors and c-Src was inhibited by prein-
cubation of the cells for 15 min with 4-(3-chloroanillino)-6,7-
dimethoxyquinazoline (AG1478) (34), 4-amino-5-(4-chloro-
phenyl)-7-(¢-butyl)pyrazolo[3,4 d]pyrimidine (PP2) (24), and
4-phenoxyanilino-6,7-dimethoxy-quinazoline (SKI-I) (25) as
described before (24, 25). All of the reactions were stopped by
aspiration of the incubation medium and subsequent solubili-
zation of the cells using 150 ul of ice-cold Laemmli sample
buffer (62.5 mm Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 50 mm
dithiothreitol, and 0.01% phenol red). The cell lysates were cen-
trifuged (10 min; 15,000 X g) before the supernatants were
heated for 5 min to 95 °C.

c-Cbl Redistribution—HEK/DOR cells were plated on
22-mm coverslips and transfected with c-Cbl subcloned into
pEGFP-C3 (BD Clontech, Heidelberg, Germany). The next day,
the cells were washed and then cultured for 2 h in the absence of
serum before redistribution of c-Cbl was initiated by the addi-
tion of 100 nM etorphine and 1 uM morphine for 5 min at 37 °C.
Subsequently the cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline, mounted on glass slides, and ana-
lyzed by confocal microscopy (Carl Zeiss, Jena, Germany). The
images shown were acquired using a 63X/1.4 oil immersion
objective.

Subcellular Fractionation—HEK/HA-DOR cells were grown
to confluence in 10-cm? dishes, washed twice, and incubated
for 1 h under serum-free conditions. The cells were kept for an
additional hour in the absence (control) or presence of 100 nm
etorphine and 1 um morphine, before they were scraped into
ice-cold phosphate-buffered saline, washed twice by centrifu-
gation at 300 X g for 10 min, and subjected to subcellular frac-
tionation after solubilization with 1% Triton X-100 as previ-
ously reported (26). All of the steps were performed at4 °C. The
cells were homogenized in 0.6 ml of TME lysis buffer (50 mm
Tris-HCI, pH 7.4, 1 mm EDTA, 1% (v/v) Triton X-100, and
Complete® protease inhibitors), containing 40% (m/v) sucrose,
by 10 passages through a 22-gauge needle. The homogenate
was placed on the bottom of a 2.2-ml ultracentrifuge tube and
overlaid with of 0.8 ml of 30% sucrose and 0.8 ml of 5% sucrose
in TME lysis buffer to form a discontinuous gradient. The sam-
ples were centrifuged at 200,000 X g for 18 h using a S-55S
swinging bucket rotor in a Sorvall RC M120GX ultracentrifuge
(Sorvall Deutschland GmbH, Bad Homburg, Germany). Twelve
fractions (~183 ul each) were collected from the top and ana-
lyzed for the presence of the membrane raft marker caveolin
(fractions 5-7) and the non-raft marker transferrin receptor
(fractions 11 and 12) by Western blot. These fractions were
pooled, mixed with 5X Laemmli sample buffer, and designated
as low density membrane rafts or high density membranes.

SDS-PAGE and Western Blot—Whole cell proteins or
sucrose density gradient samples were resolved by electro-
phoresis over 8 (EGF receptor), 10 (c-Cbl, ¢-Src, ERK1/2,
HA-DOR, transferrin receptor), or 12% (caveolin, H-Ras)
SDS-polyacrylamide gels, before proteins were blotted onto
polyvinylidene difluoride membranes (Millipore, Billerica,
MA). The blots were blocked for 1 h with 5% casein in Tris-
buffered saline, containing 0.1% Tween 20 (TBS/T) and
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FIGURE 1. Etorphine, but not morphme, desensntlzes EGF receptor activation of ERK1/2. A, serum-starved
HEK/DOR cells were exposed to 1 um morphine or 100 nm etorphine for 5 and 60 min to stimulate ERK1/2
signaling. In some experiments, the cells were first pretreated with morphine (1 um; mory,) or etorphine (100
nwm; etog,) for 60 min, washed, and subsequently stimulated with the opioids indicated for 5 min. Controls (cn)
were left untreated. The cells were lysed by the addition of sample buffer and examined for ERK1/2 activation
by Western blot using of a phospho-specific antibody (p-ERK). B, HEK/DOR cells were pretreated with the EGF
receptor inhibitor AG1478 (5 um; 15 min) before 100 nm etorphine (eto) and 1 um morphine (mor) were added
for 5 min to determine ERK1/2 phosphorylation. Controls (cn) were left untreated. The cell lysates were pre-
pared and analyzed for total (ERK) and phosphorylated ERK1/2 (p-ERK). C, serum-starved HEK/DOR cells were
pretreated with etorphine (100 nm; eto) and morphine (1 um; mor) for 60 min, washed, and subsequently
stimulated with EGF (10 ng/ml) for 5 min. Controls (cn) received EGF alone. D, serum-starved HEK/DOR cells
were incubated with 100 nm etorphine and 1 um morphine for 60 min before ERK1/2 activation by cell exposure
to 100 nm phorbol 12-myristate 13-acetate (PMA) for 5 min was evaluated. The cells of the same passage treated
with the vehicle alone served as controls (cn). Stimulation of ERK1/2 activity was measured by Western blot
using a phospho-specific antibody. Equal protein load was verified by analyzing the samples with an overall
reactive ERK1/2 antibody. In each experiment, the intensity of phospho-ERK1/2 immunoreactivity was scanned
and quantitated by video densitometry. ERK1/2 activation is expressed as the percentage of change from
maximum stimulation, which was set to 100%. The data shown are the mean values * S.D. from at least three
independent experiments. ***, p < 0.001 versus nontreated controls (cn).

incubated overnight at 4 °C with antibodies recognizing the
following proteins: caveolin, EGF receptor, H-Ras, ERK1/2,
phospho(Thr?°?/Tyr***)ERK1/2, phospho(Tyr®*”)c-Src (Cell
Signaling Technology, Danvers, MA), c-Cbl, ¢-Src (Santa Cruz
Biotechnology, Santa Cruz, CA), transferrin receptor (BD
Transduction Laboratories, San Jose, CA), and HA tag (gener-
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ated in our own laboratory). All of
the antibodies were diluted in
TBS/T containing 0.1% casein and
used at the concentrations recom-
mended by the supplier. The mem-
branes were washed three times,
and bound antibodies were labeled
by incubation for 1 h with anti-rab-
bit or anti-mouse-IgG coupled to
horseradish peroxidase (Promega,
Mannheim, Germany). After exten-
sive washing with TBS/T, the blots
were developed using the enhanced
chemiluminescence system (Amer-
sham Biosciences ECL, GE Health-
care Lifescience, Munich, Germany),
and the density of the immunoreac-
tive bands was quantified by video
densitometry.

Statistical Analysis—The data are
presented as the means * S.D. and
were tested for statistical signifi-
cance by an unpaired Student’s ¢
test.

RESULTS

Morphine Induces Sustained EGF
Receptor Signaling—Treatment of
HEK/DOR cells with a maximal
effective concentration of etorphine
(100 nm) results in transient stimu-
lation of ERK1/2 activity, which is
maximal after 5 min and rapidly
desensitizes within 60 min of re-
ceptor activation (Fig. 14). Mor-
phine (1 uMm) displays a fundamental
different kinetics, because it pro-
duces persistent ERK1/2 stimula-
tion, which is still maximal even
after 60 min of cell treatment. The
failure of morphine to desensitize
DOR-stimulated ERK1/2 signaling
is further demonstrated by the abil-
ity of etorphine (5 min at 100 nm) to
fully stimulate ERK1/2 activation in
cells pretreated for 60 min with
morphine but not with etorphine
(Fig. 1A). Because opioid-induced
stimulation of ERK1/2 signaling is
mediated by transactivation of EGF
receptors (Fig. 1B), we investigated
next whether the differences in

ERK1/2 signaling observed might be possibly because of opioid-
specific regulation of RTK activity. For this, HEK/DOR cells
were pretreated for 60 min with etorphine or morphine before
the effect of EGF on MAPK stimulation was determined. As
shown in Fig. 1C (lower panel), the addition of EGF (10 ng/ml
for 5 min) to naive cells results in strong stimulation of ERK1/2
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EGF-induced ERK1/2 stimulation
by desensitization of EGF receptor
function.

Chronic Morphine Induces Down-
regulation of c-Cbl—Desensitiza-
tion of GPCR-stimulated ERK1/2
signaling is mediated by EGF recep-
tor degradation (7). This mecha-
nism is associated with agonist-in-
duced redistribution of c-Cbl to
the plasma membrane, a cytosolic
adaptor protein directing activated
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ing an EGFP-tagged form of c-Cbl,
only etorphine (100 nMm), but not
morphine (1 uM) treatment is able
to induce a punctuate accumulation
of the construct at the plasma mem-
brane (Fig. 2A). This observation
raises the possibility as to whether
in HEK/DOR cells etorphine treat-
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FIGURE 2. Regulation of c-Cbl and EGF receptors by etorphine and morphine. A, HEK/DOR cells transfected
with EGFP-tagged c-Cbl (green) were left untreated (cn) or were stimulated with 100 nm etorphine and 1 um
morphine for 5 min at 37 °C. The cells were fixed and cellular distribution of c-Cbl was analyzed by confocal
microscopy. In unstimulated controls (cn), fluorescence associated with c-Cbl is distributed homogenously
throughout the cytoplasm (* marks the nucleus). The addition of etorphine, but not morphine, results in a
punctate accumulation of c-Cbl at the plasma membrane (arrows) and the cytosol. The images show repre-
sentative cells taken from one of three independent experiments (space bar, 10 um). B, serum-starved HEK/
DOR cells were treated with etorphine (100 nm) and morphine (1 um) for 5-60 or 90 min before the abundance
of the EGF receptor (left panel) and of c-Cbl (right panel) was determined in whole cell lysates by Western blot
technique. The abundance of EGF receptors and c-Cbl was quantitated by video densitometry and is expressed
as a percentage of change from nontreated controls, which was set to 100%. The data shown are the mean
values = S.D. from at least three independent experiments. ***, p < 0.001;

incubated control (0 min).

phosphorylation. Most interestingly, pretreatment of the cells
with a maximum effective concentration of etorphine (100 nm)
obtained in preliminary dose-response experiments (not shown)
completely abolished this effect without affecting the overall
abundance of these MAPKSs (Fig. 1C, upper panel). On the other
hand, exposure of HEK/DOR cells for 60 min to morphine (1
um) fails to interfere with EGF-induced ERK1/2 activation.
These findings indicate that in HEK/DOR cells, chronic etor-
phine treatment results in rapid desensitization of EGF-stimu-
lated ERK1/2 signaling, whereas morphine does not.

To elucidate whether attenuation of EGF-stimulated ERK1/2
signaling is because of desensitization of EGF receptor activity
or to downstream adaptations within the Ras/Raf-1/ERK1/2
signaling pathway, the effect of opioid pretreatment on protein
kinase C-stimulated ERK1/2 activity was tested. Phorbol
12-myristate 13-acetate (100 nm; 5 min) is an activator of pro-
tein kinase C, which directly stimulates Raf-1 (27) and thus may
be used as a tool to investigate EGF receptor-independent stim-
ulation of the ERK1/2 pathway (28). As shown in Fig. 1D, both
chronic etorphine and morphine failed to affect the ability of
phorbol 12-myristate 13-acetate to activate ERK1/2. This find-
ing indicates that chronic etorphine pretreatment attenuates
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ment might possibly cross-regulate
EGF receptor function. Because
functional desensitization of EGF
receptor activity occurs before their
degradation in the endosomal com-
partment (30), the overall abun-
dance of EGF receptors in whole cell
preparations was determined as a
measure for chronic opioid-induced
RTK down-regulation. As shown in
Fig. 2B, exposure of HEK/DOR cells
to etorphine (100 nm) results in a
time-dependent loss of EGF recep-
tor immunoreactivity in whole cell preparations, which is com-
plete after 90 min of cell exposure. In contrast, chronic mor-
phine treatment for up to 90 min had no effect on EGF receptor
abundance. These results demonstrate that sustained DOR activa-
tion by etorphine, but not morphine, results in substantial EGF
receptor down-regulation within 60 min of drug exposure.

We next investigated whether the failure of morphine to
down-regulate the EGF receptor is because of regulatory
changes at the level of c-Cbl. For this, HEK/DOR cells were
exposed for up to 60 min to maximum effective concentrations
of either etorphine or morphine and were subsequently ana-
lyzed for c-Cbl abundance. Immunoblot analysis of whole cell
lysates obtained from morphine-treated cells revealed a time-
dependent decrease in c-Cbl immunoreactivity. In contrast, the
relative amount of c-Cbl remained unchanged after etorphine
treatment (Fig. 2B). Thus, long term exposure of HEK/DOR
cells to morphine, but not to etorphine, is associated with
down-regulation of c-Cbl.

Overexpression of c-Cbl Restores the Ability of Morphine to
Down-regulate the EGF Receptor and to Desensitize ERK1/2
Signaling—The duration of EGF receptor-stimulated ERK1/2
signaling is prolonged in c-Cbl-deficient HeLa cells (31). To

15 30 60 [min]

** p < 0.01 versus non-opioid
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FIGURE 3. Overexpression of c-Cbl induces desensitization of morphine-
stimulated ERK1/2 signaling. A, HEK/DOR cells were transfected with plas-
mid encoding c-Cbl (0.5/1 ng) and treated with 1 um morphine for 5 and 60
min. The reactions were stopped, and cell lysates were subjected to Western
blot analysis using antibodies against the EGF receptor (EGFR), c-Cbl, ERK1/2,
and phospho-ERK1/2. The intensity of ERK1/2 bands was quantitated by
video densitometry and is expressed as percentage change from maximum
stimulation, which was set to 100%. B, HEK/DOR cells overexpressing c-Cbl
were kept in the absence (0) or presence of morphine for 5 and 60 min before
cells were lysed, and EGF receptors were determined by Western blotting.
The density of immunoreactive bands was quantitated by video densitome-
try. The data were normalized to untreated controls (0 min), which were set to
100%. The data shown are the mean values = S.D. from at least three inde-
pendent experiments. ***, p < 0.001 versus non-morphine treated control
(0 min).

determine whether down-regulation of c-Cbl might be respon-
sible for the ability of morphine to induce persistent ERK1/2
stimulation, morphine-stimulated MAPK signaling was ana-
lyzed in transiently c-Cbl-overexpressing HEK/DOR cells. In
control cells carrying endogenous levels of this adaptor protein,
exposure to morphine for both 5 and 60 min results in a pro-
nounced stimulation of ERK1/2 phosphorylation. After moder-
ate overexpression of c-Cbl, morphine gains the ability to
desensitize ERK1/2 signaling after 60 min of treatment, an
effect that is accompanied by down-regulation of EGF receptor
abundance (Fig. 3). Heterologous expression of higher c-Cbl
concentrations results in the reduction of basal levels of EGF
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receptor abundance and further decreases ERK1/2 phosphory-
lation after 5 min of morphine treatment. Under these condi-
tions, MAPK signaling is completely desensitized after 60 min
of morphine exposure (Fig. 3). These results illustrate that over-
expression of c-Cbl converts morphine into an opioid agonist
that is now able to down-regulate EGF receptors and to desen-
sitize ERK1/2 signaling.

Down-regulation of c-Cbl by Morphine Is Mediated by c-Src—
Because proteasomal destruction of c-Cbl is under the control
of ¢-Src (32), regulation of this tyrosine kinase by the opioids
was investigated next. Under basal conditions, c-Src is inacti-
vated by constitutive phosphorylation at Tyr>*” (33). Stimula-
tion of the cells for 5- 60 min with morphine (1 um) results in
rapid and sustained dephosphorylation of Tyr®*’, without
affecting total c-Src abundance. In contrast, exposure of the
cells to etorphine (100 nm) failed to affect the phosphorylation
state of ¢-Src. These findings demonstrate that morphine is able
to mediate prolonged activation of ¢-Src, whereas etorphine
does not (Fig. 44).

To further evaluate whether morphine-specific regulation of
c-Src activity possibly contributes to sustained MAPK activa-
tion by this opiate, the effect of the Src inhibitors PP2 and SKI-I
on chronic morphine-induced ERK1/2 signaling was examined.
At concentrations specific for inhibition of ¢-Src, pretreatment
of the cells with both inhibitors completely blocked chronic
morphine-induced down-regulation of c-Cbl. As a conse-
quence, both ¢-Src inhibitors facilitated down-regulation of
EGF receptors and desensitization of ERK1/2 signaling by
chronic morphine. A similar observation is made in mor-
phine-treated cells after overexpression of ¢-Src(dn), a dom-
inate negative mutant that competes with endogenous c-Src
(Fig. 4B). These results demonstrate that persistent activa-
tion of ¢-Src by chronic morphine results in down-regulation
of c-Cbl, which prevents desensitization of EGF receptors
and ERK1/2 signaling.

Besides its regulatory role on c-Cbl stability, c-Src also inter-
feres with a number of additional steps in GPCR-stimulated
ERK1/2 signaling (34). To exclude such a possibility, HEK/DOR
cells were transiently transfected with a c-Src-resistant mutant
of c-Cbl (CblY3F) (31) and subsequently analyzed for chronic
morphine-induced regulation of ERK1/2 signaling. Indeed,
CblY3F is able to bind to and ubiquitinate the EGF receptor (35)
but is resistant to ¢-Src mediated degradation (32). In cells over-
expressing this ¢-Src resistant mutant, chronic morphine treat-
ment results in time-dependent degradation of EGF receptors
(Fig. 4C), indicating that c-Src-mediated activation and degra-
dation of c-Cbl indeed prevents desensitization of ERK1/2
signaling.

Overexpression of c-Src Promotes Persistent ERK1/2 Activa-
tion by Etorphine—The finding that persistent activation of
¢-Src by chronic morphine treatment is responsible for ¢-Cbl
degradation means that overexpression of ¢-Src should block
the ability of etorphine to terminate ERK1/2 signaling. To test
this hypothesis, the effect of chronic etorphine treatment on
mitogenic signaling was evaluated in the presence of overex-
pressed c¢-Src kinase. As shown in Fig. 54, overexpression of
¢-Src in HEK/DOR cells is associated with an increase in basal
ERK1/2 activity, which is further stimulated after DOR activa-

JOURNAL OF BIOLOGICAL CHEMISTRY 34823



Morphine-stimulated ERK1/2 Signaling
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whereas etorphine does not. In this
respect, a recent report demon-
strated that in polarized Madin-
Darby canine kidney cells there are
two distinct subcellular pools of
c-Src responsible for the induction
of different intracellular signal

morphine 0 5 15 30 60 0 5 153060 05153060 05 153060 05 1530 60[min]  trqnsduction pathways (26). One
PP2 SKI-I S7¢gny CblY3F mock compartment is associated with

heavy endosomal membranes and

& 2z mediates rapid activation of the
8 % 100 ERK1/2 cascade. The other pool is
g3 associated with a subset of Triton
2 ‘:5 60 X-100-insoluble “membrane rafts”
g E and controls sustained activation of
mg 2 the phosphatidylinositol 3-kinase/
morphine 05153060 0 5 153060 0 5153060 05153060 05 1530 60[min] Akt pathway. To explore whether
PP2 SKLI Srean CbIY3F ock etorphine and morphine might pos-

sibly activate different pools of

FIGURE 4. Chronic morphine-induced down-regulation of c-Cbl and EGF receptors is mediated by pro-
longed c-Src activation. A, serum-starved HEK/DOR cells were incubated with 100 nm etorphine and 1 um
morphine for up to 60 min. The controls were left untreated (0 min). Subsequently, the cells were lysed by the
addition of sample buffer and examined for total (Src) and Tyr>?’-phosphorylated c-Src (p-Src) by Western
blotting. B, serum-starved HEK/DOR cells either transfected with the dominant negative c-Src mutant ¢-Src(dn)
CbIY3F or pretreated with PP2 (1 um) and SKI-I (10 wm) were treated with morphine (1 um) for up to 60 min
before cells lysates were prepared and examined for EGF receptor, c-Cbl, and ERK1/2 regulation by Western
blot. Mock transfected cells served as controls (mock). The blots shown were repeated at least three times
yielding similar results. ERK1/2 activation was quantitated by video densitometry and is expressed as a per-
centage of change from maximum stimulation (100%). C, quantification of EGF receptor abundance. The
density of EGF receptorimmunoreactive bands was quantified by video densitometry. In each experiment, the
data were normalized to untreated cells (0 min), which were set to 100%. The data represented are the mean

¢-Src, subcellular distribution of key
components involved in DOR-me-
diated ERK1/2 activation was ana-
lyzed by sucrose density fraction-
ation of naive and opioid-treated
HEK/HA-DOR (Fig. 6). After ho-
mogenization of the cells in the
presence of 1% (v/v) Triton X-100,

the entire amount of DOR and EGF

values = S.D. *** p < 0.001; **, p < 0.01; ¥, p < 0.05 versus acute morphine-treated cells (5 min).

tion by etorphine. However, in contrast to control cells, the
ability of etorphine to desensitize ERK1/2 signaling is com-
pletely lost. Overexpression of c-Src by itself reduces basal lev-
els of c-Cbl abundance. Under these conditions, exposure of the
cells to etorphine for 60 min results in substantial down-regu-
lation of ¢-Cbl, leaving EGF receptor density unaffected. To
further examine whether degradation of c-Cbl underlies persis-
tent ERK1/2 signaling by morphine, HEK/DOR cells were
transfected with c-Cbl siRNA. Although expression of c-Cbl
may not be completely abrogated by this technology, the pro-
teins remaining should be insufficient to promote etorphine-
induced EGF receptor degradation. Indeed, the amount of EGF
receptors remained unaffected after treatment of the cells for
5-60 min with etorphine (100 nm). Moreover, knockdown of
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receptor immunoreactivity —was

found in a Triton X-100-soluble
“non-raft” fraction comprised of high density endosomal and
plasma membranes, which are characterized by the presence of
the transferrin receptor (36). Under these experimental condi-
tions, H-Ras and c-Src were found both in the Triton X-100-
sensitive non-raft as well as to a lower extent also in a Triton
X-100-insensitive low density membrane fraction, which is
characterized by the presence of the membrane raft marker
caveolin. Chronic etorphine treatment largely reduced the
amount of EGF receptors in the non-raft fraction because of
protein degradation, whereas it had no effect on HA-DOR
immunoreactivity. Although chronic morphine treatment
failed to recruit HA-DOR and EGF receptors to membrane
rafts, it completely shifted the proportion of ¢-Srclocated in the
membrane rafts to the high density membrane compartment.
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explain some of the individual prop-
erties of morphine in the regulation

of cell proliferation (37), survival

(38), and the development of toler-

ance and addiction (39).

Morphine is a partial agonist with

low affinity for the DOR that dis-

plays fundamental differences in its

signaling properties as compared

with full opioid agonists. Most nota-
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FIGURE 5. Overexpression of c-Src and siRNA-induced knockdown of c-Cbl both prevent etorphine-me-
diated desensitization of ERK1/2 signaling. HEK/DOR cells were transfected either with ¢-Src or with siRNA
for c-Cbl and were incubated with 100 nm etorphine for the times indicated. Mock transfected cells (mock) or
cells transfected with control siRNA-A were incubated with etorphine in parallel and served as controls. The cell
lysates were subjected to SDS-PAGE and examined for expression of c-Src, EGF receptor, and c-Cbl as well as
regulation of the ERK1/2 activity by Western blot. ERK1/2 activation (A) and EGF receptor abundance (B) was
quantitated by video densitometry and is expressed as the percentage of change from the maximum effect,
which was set to 100%. The data shown are the mean values + S.D. from at least three independent experi-

ments. ***, p < 0.001; **, p < 0.01 versus acute etorphine-treated cells (5 min).

These data verify that the DOR is extracted out of membrane
rafts by the presence of 1% (v/v) Triton X-100 and that chronic
morphine recruits the entire amount of ¢-Src to a Triton X-100-
soluble membrane compartment also containing DOR and
EGF receptors and implicated in mediating activation of the
ERK1/2 pathway.

DISCUSSION

Prolonged DOR activation by morphine and etorphine
results in differential kinetics of ERK1/2 signaling by an as yet
unknown cellular mechanism. Because opioid-induced ERK1/2
stimulation is mediated by transactivation of EGF receptors (4),
the present study focused on ligand-specific differences in the
regulation of EGF receptor activity. Here we demonstrate that
in DOR-expressing HEK293 cells chronic morphine treatment,
but not etorphine treatment, results in ¢-Src-mediated down-
regulation of c-Cbl, an E3 ubiquitin ligase required for the ini-
tiation of EGF receptor degradation. Thus, down-regulation of
¢-Cbl by morphine ultimately prevents EGF receptor degrada-
tion, a regulatory mechanism contributing to persistent stimu-
lation of the Ras/Raf-1/ERK1/2 signaling cascade. These results
provide the first example for ligand-specific differences in
DOR-mediated cross-regulation of RTK activity, which might
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05 15 30 60

bly, morphine fails to induce ago-
nist-induced receptor desensitiza-
tion and internalization, regulatory
mechanisms currently thought to
contribute to the phenomenon of
persistent ERK1/2 signaling observed
after chronic morphine treatment (5).
However, our previous work has indi-
cated that blockade of DOR internal-
ization by sucrose and concanavalin
A is not associated with the preven-
tion of rapid desensitization of the
ERK1/2 signaling pathway by chronic
etorphine treatment (4). Thus, the
transient nature of ERK1/2 signaling
must originate from downstream
adaptations rather than from GPCR
desensitization. Using the DOR sys-
tem, the present study provides evi-
dence for chronic etorphine-medi-
ated EGF receptor down-regulation, a
RTK connecting DOR-derived sig-
nals to activation of the well con-
served Ras/Raf-1/ERK1/2 signaling
module (40). A similar down-regula-
tion of EGF receptors has been previously reported after 5-HT,
receptor activation in HEK293 cells (7) and after u-opioid
receptor activation in astrocytes (41). In both systems,
GPCR-induced desensitization of EGF receptor activity is
also associated with termination of ERK1/2 signaling. Our
finding that only etorphine is able to specifically down-reg-
ulate EGF receptors strongly suggests that chronic morphine
treatment produces long lasting mitogenic signaling by cir-
cumventing desensitization of RTK activity.

Desensitization of EGF receptor function is a multistep pro-
cess in which ubiquitination and subsequent proteasomal deg-
radation of the receptor by the adaptor protein c-Cbl plays a
critical role (42). In fact, knock-out BT20 cells lacking c-Cbl are
unable to undergo EGF receptor degradation (43). The current
finding that chronic morphine treatment leads to a substantial
decrease in the amount of c-Cbl correlates well with the failure
of morphine to down-regulate EGF receptors. Thus, persistent
mitogenic signaling induced by morphine is likely to be because
of down-regulation of c-Cbl, a regulatory event preventing the
degradation of EGF receptors and desensitization of ERK1/2
signaling. Such a mechanism appears plausible, because c-Cbl
deficiency is associated with prolonged EGF receptor-mediated
ERK1/2 signaling in HeLa cells (31).

0 5 15 30 60 [min]
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FIGURE 6. Chronic morphine redistributes c-Src from membrane rafts to
detergent soluble non-raft membranes. HEK/HA-DOR cells kept for 1 h
either in the absence (cn) or presence of 100 nm etorphine (eto) or 1 um mor-
phine (mor) were homogenized in the presence of 1% (v/v) Triton X-100,
before low density membrane rafts (L) and high density non-raft membranes
(H) were separated by sucrose density gradient ultracentrifugation. Equal
fraction volumes were subjected to Western blot analysis using antibodies
recognizing the HA-DOR, EGF receptor (EGFR), c-Src, and H-Ras. The quality of
membrane fractions was verified by staining the blots with the membrane
raft and non-raft markers caveolin and transferrin receptor (TfR), respectively.
Note the disappearance of c-Src from the low density, detergent-insoluble
fraction after chronic morphine treatment. Representative blots of three dif-
ferent experiments are shown.

Overexpression of c-Cbl converts morphine into an agonist
that produces only transient stimulation ERK1/2 signaling, like
etorphine. Because c-Cbl specifically regulates the EGF recep-
tor rather than the DOR (44), the present finding further sup-
ports the notion that rapid desensitization of GPCR-induced
mitogenic signaling is mediated by attenuation of EGF receptor
function. A similar effect has been previously observed for Chi-
nese hamster ovary cells, in which overexpression of c-Cbl also
accelerated degradation of growth factor-activated EGF recep-
tors (45). In addition, because chronic morphine treatment is
known to down-regulate the ubiquitin ligase UCH-L1 in the
nucleus accumbens (46, 47), the present findings are in line with
the notion that down-regulation of c-Cbl is associated with the
ligand-specific property of morphine to induce persistent EGF
receptor signaling. Besides the c-Cbl pathway, desensitization
of EGF receptor signaling might also be accomplished by
GRK2-induced serine phosphorylation (17) and subsequent
degradation of the RTK (48). Because DOR activation by a full
agonist enhances GRK2 activity (49, 50), the contribution of
such a mechanism to etorphine-mediated EGF receptor desen-
sitization and subsequent degradation remains to be explored.

Degradation of c-Cbl is mediated by activation of ¢-Src (32), a
tyrosine kinase previously suggested to contribute to the regu-
lation of DOR-induced ERK1/2 signaling (5). Together with the
observation that in HEK/DOR cells chronic morphine treat-
ment, but not etorphine treatment, results in activation of ¢c-Src,
ligand-specific differences in the regulation of this tyrosine
kinase may be decisive for the time course of MAPK signaling.
Besides the control of ¢-Cbl, c-Src is also implicated in many
other aspects of GPCR-mediated EGF receptor transactivation
(51). As shown previously (5), inactivation of c-Src failed to
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prevent acute ERK1/2 activation. This finding indicates that in
HEK/DOR cells ¢-Src is not involved in acute stimulation of the
Ras/Raf-1/ERK1/2 signaling module. Indeed, DOR activation
has been recently reported to transactivate EGF receptor-me-
diated ERK1/2 signaling by a protein kinase C-dependent (40),
but ¢-Src-independent mechanism (52).

Regardless of the mechanism involved in EGF receptor trans-
activation, the present study indicates that c-Src plays a critical
role in ligand-specific regulation of ERK1/2 signaling after sus-
tained DOR activation. This notion is strengthened by the
observation that both chemical inhibition of ¢-Src activity as
well as overexpression of a dominant negative c¢-Src¢ mutant
(c-Src(dn)) and of a c-Src resistant c-Cbl mutant (CblY3F) result
in chronic morphine-induced desensitization of ERK1/2 signal-
ing and loss of EGF receptors. In addition, overexpression of
¢-Src mimicked the effect of morphine and enabled etorphine
to down-regulate c-Cbl, leaving the amount of EGF receptors
unchanged. Overexpression of the wild type as well as the con-
stitutive active form of ¢-Src is known to diminish EGF receptor
ubiquitination and degradation. This effect is mediated by
Tyr®”! phosphorylation and subsequent down-regulation of
¢-Cbl (32, 53). Thus, it is conceivable that the phenomenon of
chronic morphine-induced degradation of c-Cbl is mediated by
persistent activation of c-Src.

The question remains why chronic morphine and etorphine
differentially regulate c-Src activity. The answer is probably
linked to the failure of the partial agonist morphine to desensi-
tize and internalize the receptor (9). This ligand inherent defi-
ciency to terminate receptor activity in the continued presence
of the agonist is prone to induce a series of compensatory adap-
tations on the post-receptor level, leading to an altered opioid
receptor signaling (12, 14) or to the induction of alternative
intracellular signaling pathways (21). With respect to mitogenic
signaling, a recent report demonstrated that in u-opioid recep-
tor-transfected HEK293 cells, chronic morphine treatment
stimulates ERK1/2 activity in a G protein-sensitive manner,
whereas etorphine switches to a B-arrestin-dependent pathway
(54). The authors explained the shift in the intracellular path-
way mediating ERK1/2 activation by ligand-specific recruit-
ment of the etorphine-activated u-opioid receptor to “non-
lipid” rafts, whereas the morphine-activated receptor remained
in membrane rafts (55). Membrane rafts are specialized subcel-
lular compartments enriched in cholesterol and certain sphin-
golipids that function as organizing centers for cellular signal
transduction (26, 36). Although a fraction of the DOR has been
previously identified in membrane rafts (56), which is even
increased after agonist treatment (57), our experiments failed
to identify such a subcellular distribution of the DOR in HEK/
HA-DOR cells. This discrepancy is most likely because of the
use of deviating experimental protocols. Whereas the DOR is
only associated with membrane rafts when these are prepared
in the absence of detergent, our studies were conducted with
Triton X-100-solubilized cell homogenates, which results in
the isolation of highly enriched and detergent-insoluble mem-
brane rafts. Under these conditions, the entire proportion of
DOR immunoreactivity is found in detergent-soluble non-raft
membranes, and there is no indication of an agonist-induced
shift of the receptor to membrane rafts, confirming previous
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data (58). Despite the failure of regulating DOR localization,
our studies revealed that chronic morphine treatment results in
the recruitment of the entire pool of membrane raft located
¢-Src to non-raft membranes. Here it co-localizes with the HA-
DOR, EGF receptor, and H-Ras (Fig. 6 and Refs. 58 and 59) to
form a potential subcellular compartment mediating ERK1/2
activation (26). These results indicate that chronic morphine
treatment of HEK/HA-DOR cells results in the recruitment of
¢-Srcto HA-DOR containing non-raft membranes, a regulatory
mechanism possibly underlying the ability of morphine to per-
sistently activate the ERK1/2 pathway.

Because c-Cbl represents an ubiquitously expressed regula-
tor of diverse RTKs (19), c-Src-mediated down-regulation of
¢-Cbl could explain a number of well documented chronic mor-
phine effects mediated by diverse RTK systems in both neuro-
nal and non-neuronal tissues. For example, down-regulation of
¢-Cbl could explain persistent stimulation of ERK1/2 activity in
neuronal tissues expressing the fibroblast growth factor recep-
tor (60) or in brains of chronically morphine treated mice (61,
62). Because of its critical role in neurite outgrowth, down-
regulation of c-Cbl could also contribute to chronic morphine-
induced apoptosis of neuronal cells (19, 63). In non-neuronal
tissues, degradation of c-Cbl could finally contribute to chronic
morphine-induced glucose tolerance (18), impaired B-cell and
monocyte responses (18, 64), and tumor cell survival (38, 65).
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