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ABSTRACT

0-Opioid receptor (DOR)-induced activation of extracellular signal-regulated kinases 1 and 2
(ERK1/2) is mediated by transactivation of epidermal growth factor (EGF) receptors. Here we
demonstrate that in stably DOR-expressing HEK293 (HEK/DOR) cells down-regulation of EGF
receptors by chronic EGF (0.1 pg; 18 h) treatment, but not sSIRNA, results in functional
desensitization of EGF (10 ng/ml)-stimulated ERK1/2 signaling. In EGF receptor desensitized
(HEK/DOR®®™®) cells, however, DADLE (1 pM) and etorphine (0.1 uM) retained their ability to
stimulate ERK 1/2 activation. The newly acquired signal transduction mechanism is insensitive to
the EGF receptor blockers AG1478 and CL-387-785, does not involve DOR internalization and
activation of the focal adhesion kinase ppl25 FAK, but requires MMP-dependent release of
soluble growth factors. A supernatant transfer assay in which conditioned growth media of
opioid-treated HEK/DOR and HEK/DOR™®™ “donor” cells are used to stimulate ERK1/2
activity in DOR-lacking HEK293 wt and HEK 293¢ “acceptor” cells revealed that chronic
EGF treatment produces a switch in the receptor tyrosine kinase (RTK) system transactivated by
opioids. Using microfluidic electrophoresis, chemica inhibitors, phosphorylation-specific
antibodies, and EGF receptor-deficient CHO-K1 cells, we identified the release of an IGF-1-like
peptide and activation of IGF-1 receptorsin HEK/DOR = cells after DOR activation. A similar
switch from a TrkA to an IGF-1 receptor-dependent ERK1/2 signaling was observed for
chronically nerve growth factor-treated Neuroblastoma x Glioma (NG108-15) cells. These results
indicate that transactivation of the dominant RTK system in a given cellular setting may represent

a general feature of opioidsto maintain mitogenic signaling.
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INTRODUCTION

In many cell types and tissues, G protein-coupled receptors stimulate mitogenic signaling via
“transactivation” of receptor tyrosine kinases (RTKs), including the epidermal growth factor
(EGF) receptor (Luttrell, 2005). The transactivation process involves activation of membrane-
bound matrix metalloproteinases (MMPs), which regulate the proteolytic release of EGF-like
growth factors from the cell surface (Prenzel et al., 1999). Whereas the precise mechanisms by
which GPCRs stimulate MMP activity largely remain unclear (Ohtsu et al., 2006), the molecular
events of EGF receptor-mediated activation of mitogenic signaling are well defined. Once
transactivated by their cognate ligands, the EGF receptor becomes autophosphorylated at
multiple cytoplasmatic tyrosine residues (e.g. Y992, Y1045, Y1068, Y1148 and Y1173),
providing docking sites for Src-homology domain 2 (SH2)-containing proteins such as SHC and
Gabl (Downward et al., 1984). After phosphorylation, the adapter proteins recruit the Ras
guanine-nucleotide exchange factor complex Grb2.Sosl to the activated EGF receptor, which
then activates the conserved Raf/M EK/ERK 1/2 signaling module (Rozakis-Adcock et al., 1993).

Besides their analgesic action, 6-opioid receptor (DOR) agonists also display proliferative and
anti-apoptotic properties (Chen et a., 2008). The growth promoting effects of opioids are
mediated through transactivation of EGF receptor-associated mitogenic signaling pathways
(Tegeder and Geisslinger, 2004). In HEK293 cells, transactivation of EGF receptors involves
ectodomain shedding of EGF-like ligands by activated MMP-2 and MMP-9 isoforms (Eisinger
and Ammer, 2008a; Schulz et al., 2004). Although transactivation of the EGF receptor system is
thought a general concept by which opioids mediate ERK1/2 signaling, mitogenic signaling was

also observed in DOR-transfected C6 Glioma cells lacking endogenous EGF receptors (Kramer
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et al., 2002). Because we could recently describe that in Neuroblastoma x Glioma (NG108-15)
hybrid cells DOR-induced ERK1/2 signaling involves transactivation of tropomyosin-related
kinase A (TrkA) receptors (Eisinger and Ammer, 2008b), these observations raise the question as
to whether other RTK systems may generally substitute for EGF receptors in mediating opioid-
induced ERK1/2 signaling or whether additional intracellular pathways exist.

Here we examine the consequences of functional inactivation of the dominant EGF receptor
system on the signal transduction mechanism mediating DOR-stimulated ERK1/2 activation in
HEK293 cdlls. Our results demonstrate that EGF receptor down-regulation and desensitization by
chronic EGF treatment does not abrogate but rather establishes anovel pathway by which opioids
maintain mitogenic signaling by an EGF receptor-independent manner. The newly acquired
signal transduction pathway involves the release of an insulin-like growth factor-1 (IGF-1)-like
peptide and transactivation of IGF-1 receptors that directly stimulate the Ras/Raf/MEK/ERK1/2
signaling cascade. Because chronic nerve growth factor (NGF) treatment of Neuroblastoma x
Glioma (NG108-15) hybrid cells results in a similar switch from a neurotrophic tyrosine kinase
receptor type 1 (TrkA) to IGF-1 receptor-mediated signaling mechanism, these results
demonstrate that the IGF-1 receptor system may mediate opioid-induced ERK1/2 signaling after
functional inactivation of the dominant growth factor system. They also indicate that the
recruitment of alternative RTK systems ensures the continued control of mitogenic pathways by

opioidsin the absence of functional active EGF receptors.

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on November 15, 2010 as DOI: 10.1124/mol.110.064956
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #64956

MATERIAL AND METHODS

Materials

[D-Al&Z,D-Leu’]enkephalin (DADLE) and recombinant human EGF, HB-EGF, and IGF-1
were purchased from Bachem (Bubendorf, Switzerland). Etorphine was obtained from the
National Institute on Drug Abuse (Bethesda, MD). The small molecule inhibitors a-Cyano-(3,5-
di-t-butyl-4-hydroxy)thiocinnamide (AG879), 3-Bromo-5-t-butyl-4-hydroxy-benzylidenemalo-
nitrile  (AG1024), 6,7-Dimethyl-2-phenylquinoxaline (AG1295), 4-(3-Chloroanilino)-6,7-
dimethoxyquinazoline  (AG1478) and  N-[4-[(3-Bromophenyl)amino]-6-quinazolinyl]-2-
butynamide (CL-387,785) were from Merck Biosciences (Schwalbach, Germany), a-Cyano-(3-
methoxy,4-hydroxy,5-iodo)cinnamoyl-(3',4'-di hydroxyphenyl)ketone (I-OMe-Tyr-phostin;
AG538), concanavalin A (Con A) and epigallocatechin-3-gallate (ECGC) from Sigma-Aldrich
(Deisenhofen, Germany). The following antibodies were from Cell Signaling Technology
(Danvers, MA): anti-ERK1/2, anti-phospho-ERK1/2, anti-IGF-1 receptor [-subunit, anti-
phospho(Y 1135/1136)IGF-1 receptor 3-subunit, anti-phospho-ppl25FAK (all rabbit polyclonal
antibodies), and anti-EGF receptor (mouse monoclonal antibody, clone 1F4). Rabbit polyclonal
anti-haemagglutinin (HA) epitope, anti-c-Myc tag and anti-G protein 3;,,-subunit 1gGs were from
Gramsch Laboratories (Schwabhausen, Germany), anti-rabbit and anti-mouse horseradish
peroxidase-conjugated secondary antibodies from Dianova GmbH (Hamburg, Germany). Control
and target-specific small interfering RNAs (sSRNAs) for the EGF and IGF-1 receptor were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Plasmid pcDNA3 containing a c-
Myc-tagged variant of SOCS-3 cDNA was a kind gift by Prof. Akihiko Y oshimura (Division of

Molecular and Cellular Immunology, Kyushu University, Japan). The plasmid containing the
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DOR fused to enhanced green fluorescent protein (pEGFP-DOR; Clontech, Mountain View, CA)
was described earlier (Eisinger and Schulz, 2004). Fetal calf serum (FCS) and cell culture
medium and supplements were from Gibco® Invitrogen (Carlsbad, CA), standard laboratory

chemicals from Sigma-Aldrich (Deisenhofen, Germany).

Cell culture, modification of the EGF receptor system and drug treatment

Wild type (HEK293 wt), stably DOR-expressing HEK293 cells (HEK/DOR; 1.4 pmol/mg
membrane protein) and Chinese hamster ovary (CHO-K1) cells were grown in Dulbecco’s
modified Eagle minimal essential medium (DMEM), containing 10% FCS, 100 U/ml penicillin
and 100 pg/ml streptomycin, in a humidified aimosphere of 5% CO, at 37°C (Schulz et 4.,
2004). Neuroblastoma x Glioma (NG108-15) hybrid cells were cultured as described previously
(Eisnger and Ammer, 2008b). For some experiments, HEK/DOR and CHO-K1 cells were
transently transfected with 5 pg/100 mm dish of plasmid pcDNA3 (Invitrogen, Carlsbad, CA)
containing c-Myc-SOS-3 or mouse DOR cDNA using Metafectene™ transfection reagent
(Biontex, Martinsried, Germany) as described earlier (Eisinger and Ammer, 2008a). Transfection
of HEK/DOR and CHO-K1 cells with ssRNAs was peformed by using MetafecteneSl
transfection reagent (Biontex, Martinsried, Germany).

The day before experimentation, HEK cells were seeded onto 12-well tissue culture plates and
allowed to grow overnight either in the absence or presence of EGF (0.1 pg/ml; 18 h) in order to
desensitize the predominant RTK system in this cell line. The resulting EGF-insensitive cells
were designated HEK 293 and HEK/DOR ™ throughout the study. NG108-15 cells were
chronically treated with NGF (100 pg/ml; 18 h) to desensitize TrkA receptors (NG108-15 "

cells).
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For determination of ERK1/2 activity, cells were washed and equilibrated for 2 h in DMEM,
containing 10 mM HEPES (pH 7.4) and 0.1% FCS (DEMEH/0.1% FCS), to reduce basal
mitogenic signaling. During serum withdrawal, the following drug treatments were performed:
agonist-stimulated DOR internalization was blocked by the addition of Con A (250 pg/ml, 30
min) and hypertonic sucrose (0.4 M, 2 h); transactivation of EGF, PDGF, TrkA and IGF-1
receptors was inhibited by 30 min exposure to AG1478 (5 uM) or CL-387-785 (1 uM), AG1295
(50 uM), AG879 (100 pM), and AG1024 (10 uM) or AG538 (100 uM), respectively; matrix
metalloproteinases were inactivated by the addition of the MMP blocker N-[(2R)-2-
(Hydroxamidocarbonylmethyl)-4-methyl pentanoyl]-L-tryptophan Methylamide (GM6001; 2 uM,
60 min) or the green tea phenol Epigallocatechingallate (EGCG; 50 UM, 2 h). Controls were kept
in the presence of DMEM/0.1% FCS alone. At the end of the equilibration period, receptor-
mediated stimulation of ERK1/2 activity was determined using maximum effective
concentrations of the mixed o/u-peptide agonist DADLE (1 puM) and the opioid alkaloid
etorphine (0.1 uM) as well as half-maximum effective concentrations of the growth factors EGF
(10 ng/ml), IGF-1 (100 ng/ml), and NGF (100 ng/ml) for 5 minutes at 37°C. Reactions were
stopped by aspiration of the medium and solubilization of the cells with 0.5 ml of Laemmli
sample buffer (62.5 mM Tris-HCI, 2% w/v SDS, 10% glycerol, 50 mM DTT, 0.01% w/v phenol

red, pH 6.8).

Confocal analysis of DOR internalization
To investigate the effect of chronic EGF treatment on inhibition of DOR internalization by
Con A, HEK293 cells grown on cover dlips were transiently transfected with pEGFP-DOR. Cells

were pretreated with EGF (0.1 pg/ml) for 18h to desensitize the EGF receptor. Cells were then
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exposed to Con A (250 pg/ml) for 30 min before DOR internalization was initiated by the
addition of opioids. At the end of the incubation period, cells were washed with cold PBS, fixed
with paraformaldehyde (4% in PBS buffer), and cover dlips were mounted on object slides with
Fluorescent Mounting Medium (DAKO Diagnostika, Hamburg, Germany). Confocal images of
cell groups were obtained using a Zeiss LSM 510 microscope (Jena, Germany). The images

shown were acquired using a 63 x 1.4 oil immersion objective.

Cell supernatant assay

To more closely define the role of RTK systems in opioid-stimulated ERK1/2 signaling, a
novel two-step assay system was developed. This approach bases on the regulated release of
growth factors by short-term treatment of HEK/DOR with opioids. The growth factor containing
medium of these “donor” cells was subsequently transferred to DOR-deficient HEK293 wt
“acceptor” cells to induce stimulation of ERK1/2 activity. For this, HEK/DOR and HEK/DOR
EGFR “donor” cells grown on 12-well plates were washed three times with phosphate-buffered
saline (PBS; pH 7.4) and activated for 5 min with 1 uM DADLE in 2 ml DMEM/0.1% FCS (pH
7.4) at 37 °C. Cells were chilled on ice; the “conditioned media” were collected, cleared by
centrifugation (1,000 x g, 10 min) and then added to thoroughly washed HEK293 wt, HEK293
EGFR or CHO-K 1 “acceptor” cells. Finally, “acceptor” cells were incubated for 5 min at 37°C to
determine ERK1/2 phosphorylation, which was then detected by Western blot. In some
experiments, "acceptor” cells were pretreated for 30 min with the following RTK blockers before

stimulation with supernatants: AG1024 (10 uM), AG879 100 (uM), AG538 (100 uM), AG1295

(50 uM), and AG1478 (1 pM).
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Western blotting

Whole cell lysates in Laemmli sample buffer were cleared by centrifugation (1,000 x g; 10
min), heated for 5 min to 95°C and then resolved by electrophoresis over 10 % (m/v) SDS
polyacrylamide gels. Proteins were subsequently blotted onto polyvinyldifluoride membranes
(Immoabilon-P; Millipore, Billerica, MA) and incubated with a rabbit polyclonal phospho-specific
anti-ERK1/2 antibody to evaluate ERK1/2 activation as described (Eisinger and Schulz, 2004).
The same samples were also probed with an overall reactive anti-ERK1/2 antibody to verify
equal protein loading. Transient expression of c-Myc-SOCS-3 was confirmed using an anti-c-
Myc-tag antibody. Relative changes in d-opioid receptor levels were analyzed in membranes
from HEK?293 cells stably expressing a HA-tagged variant of the rat DOR (HEK/HA-DOR; 0.8
pmol/mg membrane protein) using an anti-HA tag antibody. EGF and IGF-1 receptor abundances
were determined either in membranes or whole cell lysates from HEK/DOR cells using anti-EGF
receptor and B-subunit specific anti-IGF-1 receptor antibodies, respectively. The phosphorylation
state of ppl25FAK and the IGF-1 receptor was determined in lysates of HEK/DOR cells using
phospho-specific antibodies. Immuncomplexes were visualized using horseradish peroxidase-
conjugated anti-rabbit or anti-mouse antibodies using the enhanced chemiluminescence method
(ECL; GE Healthcare Life sciences, Piscataway, NJ). Intensity of immunoreactive bands of total
and phosphorylated ERK 1/2 were quantitated by video densitometry using the Herolab® EASY -5

system, and expressed as pERK/ERK ratio.

I dentification of growth factors
Proteins from the incubation media of control and opioid-treasted HEK/DOR and HEK/DOR™

EGFR cells were precipitated with Trichoraceticacid (10 % final concentration) for 30 min on ice.

10
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After centrifugation (15 min; 20.000 x @), the proteins were washed with ice-cold acetone and
solubilized in 200 pl Tris-HCI buffer (50 mM; pH 7.4). Electrophoresis samples were prepared
according to the Protein 80 Kit manual instructions, loaded on lab-on-chip devices together with
recombinant HB-EGF (2 ng/lane) and IGF-1 (6 ng/lane) as the standards, and analyzed by the

Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA).

11
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RESULTS

In HEK/DOR célls, DOR-stimulated ERK1/2 signaling is mediated by transactivation of EGF
receptors (Schulz et al., 2004). Thisis verified in the present study by preincubation of the cells
with the reversible and irreversible EGF receptor inhibitors AG1478 (Levitzki and Gazit, 1995)
and CL-387,785 (Discafani et al., 1999), respectively, which completely block DADLE (1 uM)-,
etorphine (0.1 uM)-, and EGF (10 ng/ml)-induced Thr202/Tyr204 phosphorylation of ERK1/2. In
addition, these results also indicate that in HEK/DOR cells maximum effective concentrations of
the stable opioid peptide agonist DADLE and the cell membrane permeable alkaloid etorphine
both stimulate ERK1/2 activity to the same extent by using a common signal transduction

mechanism (Fig. 1a).

Desensitization of EGF receptors does not affect opioid-induced ERK1/2 signaling. To
investigate whether inactivation of the dominant EGF receptor system might possibly abrogate or
redirect mitogenic opioid signaling to an alternative intracellular pathway, HEK/DOR cells were
chronically exposed to EGF (0.1 pg/ml; 18 h). This treatment regimen results in both down-
regulation (Fig. 1b) and functional desensitization of EGF receptors as demonstrated by the
failure of EGF (10 ng/ml; 5 min) to acutely stimulate ERK1/2 signaling.

The most critical finding of the present study is that functional desensitization of EGF
receptors fails to block DOR-mediated activation of ERK1/2 signaling. Instead, chronic EGF
treatment even enhances DADLE and etorphine-induced ERK 1/2 activation by about 55 + 14 and
49 = 17 % (n=3), a regulatory mechanism most likely mediated by up-regulation of DOR

abundance after chronic EGF treatment (Fig. 1b). Due to the absence of functionally active EGF

12

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on November 15, 2010 as DOI: 10.1124/mol.110.064956
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #64956

receptors in HEK/DOR ™R cells, DOR-mediated stimulation of ERK1/2 signaling must employ
an alternative mechanism. Indeed, pre-treatment of the cells with the EGF receptor blockers
AG1478 and CL-387,785 does not interfere with opioid-induced ERK1/2 phosphorylation (Fig.
1a). These results indicate that chronic EGF treatment appears to redirect DOR-stimulated
ERK1/2 signaling to an EGF receptor-independent mechanism.

Down-regulation of EGF receptors was also examined after SSRNA-mediated gene silencing.
Although transfection of HEK/DOR cells with EGF receptor-specific SRNAs largely reduced
EGF receptor immunoreactivity in whole cell preparations, exposure of the cells to EGF (10
ng/ml), DADLE (1 uM), and etorphine (100 nM) still resulted in strong degrees of ERK1/2
activation. In addition, DOR-mediated ERK1/2 signaling was abolished by pre-treatment of the
cells the EGF receptor inhibitors AG1478 (5 uM) and CL-387,785 (1 uM) (Fig. 1c). These
results indicate that down-regulation of EGF receptors by siRNA-mediated gene silencing
appears insufficient to fully desensitize EGF receptor-associated signal transduction and to
establish EGF receptor-independent mitogenic signaling. Thus, the present study was performed

using chronically EGF (0.1 pg/ml; 18 h)-treated HEK/DOR (HEK/DOR ™) cdlls.

DOR-mediated ERK1/2 signaling in HEK/DOR R cells involves MMP activity. In order to
characterize the newly acquired DOR-associated signal transduction pathway in HEK/DOR PR
cells, we first discriminated whether an intracellular or an RTK-dependent paracrine mechanism
is established. In HEK293 wt cdlls, agonist-induced receptor endocytosis represents a well
defined mechanism by which sequestring GPCRs may bring about ERK1/2 activation (Pierce et
al., 2000). However, pretreatment of HEK/DOR® cells with Con A, which blocks DOR

endocytosis by DADLE and etorphine (Fig. 2a), had no effect on opioid-stimulated ERK1/2

13
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activation (Fig. 2b). Similar results were obtained when receptor endocytosis was blocked by
hypertonic sucrose (not shown). As presented in Fig 2c, Con A and hypertonic sucrose also failed
to attenuate opioid-induced mitogenic signaling in DOR-transfected CHO-K1 cells lacking
endogenous EGF receptors (Della Rocca et a., 1999). Together, these results indicate that
receptor endocytosis does not contribute to DOR-mediated ERK1/2 signaling in HEK/DOR ™
cells.

We next examined whether desensitization of EGF receptors might possibly redirect DOR-
stimulated ERK 1/2 activation to an intracellular mechanism employing the focal adhesion kinase
ppl25FAK (Della Rocca et al., 1999). HEK/DOR cells are characterized by only low levels of
basal tyrosine-576/577 ppl25FAK phosphorylation, which are not subject to regulation by
opioids. Over-expression of a c-Myc-tagged construct of the ppl25FAK inhibitor SOCS-3
(Eisinger and Ammer, 2008a) and subsequent exposure of the cdls to EGF (0.1 pg; 18 h)
completely abolished phosphorylation and, thus, activation of ppl125FAK. In contrast, c-Myc-
SOCS-3 had no effect on overall abundance of ERK1/2 and on DOR-mediated ERK1/2
stimulation in HEK/DOR ™™ cells (Fig. 2b). These results indicate that in HEK/DOR = cells
DOR-stimulated ERK1/2 signaling isindependent of focal adhesion tyrosine kinase activity.

Finally, we evaluated whether chronic EGF treatment would possibly switch opioid-induced
ERK1/2 stimulation to transactivation of an alternative RTK system. Because GPCR-mediated
transactivation of RTK systems requires the proteolytic cleavage of growth factors from the
plasma membrane, the role of matrix metalloproteinases (MMPs) was examined in DOR-
mediated ERK1/2 signaling. As shown in Fig. 2b, preincubation of HEK/DORE®™ cells with the
broad spectrum MMP inhibitor EGCG (Demeule et al., 2000) almost completely blocked

subsequent stimulation of ERK1/2 activity by DADLE and etorphine. Similar results were

14
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obtained when HEK/DOR®®™ cdls were pretreated with the non-selective MMP blocker
GM6001 (Santiskulvong and Rozengurt, 2003). These findings suggest that in HEK/DOR =™
cells MM P-dependent transactivation of an alternative RTK system might play a critical role in

the signal transduction pathway mediating opioid-stimulated ERK1/2 signaling.

Chronic EGF treatment recruits an alternative RTK system transactivated by opioids. To
determine whether a paracrine mechanism might account for opioid-stimulated ERK1/2 signaling
in HEK/DOR ™ cells, a two-step supernatant transfer approach was developed. This method
utilizes the conditioned media of control and opioid-stimulated HEK/DOR and HEK/DOR ™R
“donor” cells to stimulate ERK1/2 activation in HEK293 wt and chronically EGF-treated
HEK 293¢ “acceptor” cells (Fig. 3a). Incubation of HEK293 wt “acceptor” cells for 5 min
with media collected from non-stimulated HEK/DOR *“donor” cells produced only basal levels of
ERK1/2 activity. After stimulation of the cells with DADLE (1 uM; 5 min), the conditioned
media markedly enhanced ERK1/2 phosphorylation in HEK293 wt “acceptor” cells (Fig. 3b).
Due to the lack of endogenous opioid receptors, stimulation of mitogenic signaling in HEK293 wt
“acceptor” cells must be confined to bioactive compounds released into the supernatant of
HEK/DOR *“donor” cells rather than to DADLE itsdf. In HEK/DOR *“donor” cells, the
supernatant obtained from DADLE-stimulated HEK/DOR ™ “donor” cells had only little
stimulatory effect on ERK1/2 activity in HEK293 wt “acceptor” cells (Fig. 3b). These results
indicate that DOR activation in HEK/DOR =™ “donor” cells appears to attenuate the proteolytic
release of functionally active compounds from the cell surface. Completely opposite results were
obtained when conditioned media from DADLE-stimulated HEK/DOR and HEK/DOR ™™

“donor” cells were applied to chronically EGF-treated HEK293 ¢ “acceptor” cells. Here,
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media from opioid-stimulated HEK/DOR “donor” cells had only little effect, whereas those from
opioid-stimulated HEK/DOR®®™ cells strongly activated ERK1/2 signaling in HEK293 ™R
“acceptor” cells. Similar results were obtained when conditioned media from DADLE-treated
HEK/DOR ™™ but not from HEK/DOR “donor” cells, were applied to CHO-K1 “acceptor”
cells lacking endogenous EGF receptors (Sturla et al., 2005). These results indicate that in
HEK/DOR ™" “donor” cells DOR activation induces the release of an ERK1/2 activator other
than from the family of EGF-like ligands whose cognate receptor is already present in CHO-K1

or induced in HEK/DOR célls by chronic EGF treatment.

DOR-mediated ERK1/2 signaling in HEK/DOR ¥R cells involves transactivation of 1GF-1
receptors. To identify the alternative RTK system transactivated by opioids in HEK/DOR cells
after chronic EGF treatment, HEK293 "R “acceptor” cells were preincubated with small
molecule inhibitors for several RTKs and analyzed for stimulation of ERK1/2 activity by
conditioned media from DADLE-treated HEK/DOR =™ “donor” cells. As shown in Fig. 4a, the
PDGF receptor selective inhibitor AG1295 (Kovalenko et al., 1994) failed to interfere with
supernatant-induced ERK1/2 stimulation. In contrast, pretreatment of HEK293 = “acceptor”
cells with the selective IGF-1 receptor blockers AG1024 (Wen et al., 2001) and AG538 (Blum et
al., 2000) completely attenuated mitogenic signaling stimulated by conditioned medium from
DADLE-activated HEK/DOR™ “donor” cells. The EGF receptor blocker AG1478 had no
effect on ERK1/2 activation in this system. Similar results were obtained when the conditioned
media from opioid-treated HEK/DOR®®™ “donor” cells were applied to CHO-K1 “acceptor”
cells. Again, only the IGF-1 receptor blockers AG1024 and AG538 were able to interfere with

ERK 1/2 activation induced by conditioned media from DADLE-stimulated HEK/DOR ¥R cells,
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while pretreatment with the PDGF receptor blocker AG1295 and the EGF receptor inhibitor
AG1478 was ineffective (Fig. 4b). Together these results suggest that the ligand released in
DADLE-stimulated HEK/DOR ™ cells most likely transactivates the IGF-1 receptor.

To verify that IGF-1 receptors indeed mediate opioid-induced stimulation of ERKZ1/2
signaling in HEK 293 and CHO-K 1 cells, we made an attempt to down-regulate the receptor
by ssRNA-mediated gene silencing before the cells were stimulated with conditioned media from
HEK/DOR ™ cells. However, as shown in a control experiment, transfection of the cells with
siRNAs specific for the IGF-1 receptor failed to prevent IGF-1 (10 ng/ml, 5 min)-stimulated
ERK1/2 phosphorylation, although IGF-1 receptor immunoreactivity amost completely
disappeared from the plasma membrane as assessed by Western blot analysis (Fig. 4c).
Therefore, we directly examined IGF-1 receptor phosphorylation after DOR activation in
HEK/DOR and HEK/DOR ™ cells. As shown in Fig. 4d, chronic EGF treatment facilitates the
ability of DADLE (1 pM, 5 min) and etorphine (0.1 puM, 5 min) to stimulate IGF-1 receptor
phosphorylation, an effect that is absent in untreated HEK/DOR cells. In addition, opioid-induced
ERK1/2 stimulation in HEK/DOR ™ cells is blocked by preincubation with the IGF-1 receptor
blockers AG1024 and AG538. These results implicate that in HEK/DOR®®™ cells DOR-

mediated ERK1/2 signaling is mediated by transactivation of IGF-1 receptors.

Chronic EGF treatment of HEK/DOR cells alters the spectrum of opioid released growth
factors. The switch from an EGF to an IGF-1 receptor-dependent mechanism in opioid-
stimulated ERK 1/2 signaling might be mediated by an increased expression or functional activity
of IGF-1 receptors and/or a change in the soluble factors released into the supernatant. To

discriminate between these possibilities, we first investigated possible changes in the expression
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level of the IGF-1 receptor. However, as shown by Western blot analysis using an overal
reactive and a phospho(Y 1135/1136)-specific IGF-1 receptor B-chain antibody, there was no
detectable change in both the relative abundance and the autophosphorylation state after chronic
EGF treatment (Fig. 5a).

To identify possible changes in the proteolytic release of growth factors from the cell surface
after chronic EGF treatment, the incubation media from control and DADLE-stimulated
HEK/DOR and HEK/DOR®™® cells were subjected to microfluidic electrophoresis using the
Agilent 2010 Bioanalyzer. This approach allows the resolution and sensitive detection of
polypeptides in biological fluids. As shown in Fig. 5b, serum-free incubation media of untreated
HEK/DOR cells contain only low concentrations of a single peptide of unknown identity. After
stimulation of the cells with DADLE (1 uM; 5 min), large amounts of a peptide co-migrating
with the EGF receptor ligand heparin-binding EGF (HB-EGF) applied as a standard appear in the
supernatant. Chronic EGF treatment produces fundamental changes the spectrum of peptides
released. Under basal conditions, two low-abundance peptides not related to that observed in
untreated HEK/DOR cells are present. Although stimulation of the cells with DADLE induces
the release of comparable amounts of HB-EGF asin HEK/DOR cells, two additional peptides are
released into the conditioned media of HEK/DOR®™ cells, one of which co-migrates along
with the monomeric form of recombinant IGF-1 (Peters et al., 1985). These results demonstrate
that DOR activation in HEK/DOR ™ cells not only results in the shedding of HB-EGF, but also

of an IGF-1-like ligand.

| GF-1 receptors mediate ERK1/2 signaling in chronically NGF treated NG108-15 cells. To

evaluate whether the ability of opioids to utilize different RTK systems for ERK1/2 signaling
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represents a common phenomenon, the same experiments were performed on endogenously DOR
expressing NG108-15 hybrid cells. In these cells, opioid-induced ERK1/2 signaling is mediated
by transactivation of TrkA receptors (Eisinger and Ammer, 2008b). Preincubation of the cells
with the IGF-1 receptor blocker AG1024 failed to attenuate DADLE and etorphine-stimulated
ERK1/2 phosphorylation (Fig. 6). Although chronic exposure of NG108-15 cells to NGF (100
ng/ml; 18h) completely attenuated TrkA-induced stimulation of ERK1/2, it had no effect on
DOR-mediated ERK1/2 activation. Because AG1024, but not the TrkA receptor inhibitor AG879
(Ohmichi et al., 1993), prevented DOR-mediated ERK1/2 stimulation in NG108-15" cells,
chronic NGF treatment appears to induce a similar switch in opioid-induced ERK1/2 activation

from a TrkA to an IGF-1 receptor-dependent mechanism.
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DISCUSSION

The present study demonstrates that chronic EGF treatment of HEK/DOR cells results in a
switch in opioid-induced ERK1/2 signaling from an EGF to an IGF-1 receptor-dependent
pathway. The underlying regulatory mechanism involves down-regulation and functional
desensitization of EGF receptors as well as the release of an IGF-1 like peptide from the plasma
membrane, which in turn mediates opioid-induced ERK1/2 signaling via transactivation of 1GF-1
receptors. A similar switch from a TrkA to an IGF-1 receptor-mediated mechanism in opioid-
stimulated ERK1/2 signaling was found for endogenously DOR expressing NG108-15 hybrid
cells after chronic NGF treatment. These results demonstrate that opioids are able to utilize
multiple aternative RTK systems within a single cell in order to maintain persistent mitogenic
signaling.

HEK293 cells are frequently used as a model system to study GPCR-mediated ERK1/2
signaling (Luttrell, 2005; Voss et al., 1999). Besides transactivation of EGF receptors, these cells
also support additional intracellular signal transduction mechanisms coupled to ERK1/2
signaling, including agonist-induced receptor internalization (Pierce et al., 2000) and activation
of pp125FAK (Della Rocca et al., 1999). With respect to opioids, we could recently demonstrate
that the stable opioid peptide agonist DADLE and the cell membrane permeable akaloid
etorphine both stimulate ERK1/2 signaling via a common EGF receptor-dependent pathway
(Eisinger and Ammer, 2008b). Here we show that functional inactivation of the EGF receptor
system in stably DOR expressing HEK293 cells does not abrogate but rather redirect opioid-
induced ERK1/2 signaling via the IGF-1 receptor system. Most interestingly, chronic EGF

treatment rather than sSRNA-mediated gene silencing turned out an essential prerequisite to
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detect the changes in opioid-induced ERK1/2 signaling. Although the latter approach
successfully decreased EGF receptor abundance below the detection limit in Western blot, it
failed to abrogate EGF (10 ng/ml)-induced ERK1/2 signaling. Incomplete loss of EGF receptor
function has been aready previously reported for SSRNA-treated MCF-7 cells (Santen et .,
2009), supporting the notion that chronic EGF treatment not only down-regulates but also
functionally desensitizes residual EGF receptors (Beguinot et al., 1984). Besides inactivation of
EGF receptor function, SRNA-mediated knock-down of EGF receptors also failed to redirect
DOR-induced ERK1/2 signaling to an aternative RTK pathway. These results suggest that
chronic EGF treatment must produce additional intracellular adaptations that facilitate the switch
in DOR-mediated ERK1/2 signaling from an EGF to an IGF-1 receptor-dependent mechanism.
Such a heterologous chronic EGF effect appears plausible and might explain the increase in DOR
abundance and sensitization of opioid-stimulated ERK1/2 signaling in HEK/DOR ™R cells. A
similar regulation of G protein-coupled receptors has been previously described for in PC12 cells,
in which chronic EGF treatment increased mACh receptor abundance by mRNA stabilization
(Lee and Malek, 1998).

The newly acquired signal transduction pathway by which opioids bring about ERK1/2
activation after chronic EGF treatment does neither involve agonist-induced DOR internalization
nor activation of ppl25FAK. Experiments with two structurally unrelated MMP blockers rather
suggest the establishment of an alternative paracrine mechanism that replaces opioid-induced
transactivation of EGF receptors in HEK/DORE®™R cells, MMPs are zinc-dependent
endoproteinases that regulate a number of cellular processes by the controlled proteolytic
cleavage of membrane-bound growth factors (McCawley and Matrisian, 2001). Indeed, the

findings of our two-step supernatant transfer approach clearly demonstrate that conditioned
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media from opioid-stimulated HEK/DOR "R, but not from untreated HEK/DOR, “donor” cells
are able to induce ERK1/2 phosphorylation in HEK293 ™R and EGF receptor-deficient CHO-
K1 “acceptor” cells. Because HEK293 wt and CHO-K1 cells lack endogenous opioid receptors
(Carboni et al., 1997; Schulz et al., 2004), stimulation of mitogenic signaling must be
accomplished by the presence of a soluble factor released into the supernatant of HEK/DOR =™
“donor” cellsin response to DOR activation.

GPCRs are able to mediate ERK1/2 signaling via transactivation of multiple RTKs, including
the PDGF and IGF-1 receptor (Della Rocca et al., 1999). Although HEK293 wt and CHO-K1
cells carry functional active PDGF receptors that are coupled to the Ras/Raf/ERK1/2 module
(Oak et al., 2001), ERK1/2 activation was not affected by the PDGF receptor specific inhibitor
AG1295 (Kovalenko et al., 1994) in our experiments. Because the release of PDGF from plasma
membranes is mediated by convertase-dependent ectodomain shedding (Siegfried et al., 2005),
which is insensitive to broad spectrum MMP blockers (Antoine et al., 2009), the present study
indicates that PDGF receptors are not involved in the mechanism of opioid-induced ERK1/2
signaling in HEK/DOR®™ cdlls. Instead, several lines of evidence suggest that functional
inactivation of EGF receptors redirects opioid-stimulated ERK1/2 activation via transactivation
of IGF-1 receptors: i) pretreatment of HEK 293¢ and CHO-K 1 “acceptor” cells with the IGF-1
receptor inhibitors AG1024 (Wen et al., 2001) and AG538 (Blum et al., 2000) blocks ERK1/2
activation by conditioned media obtained from opioid-stimulated HEK/DOR ™ cells, ii) DOR

RECR calls, an effect

activation is associated with IGF-1 receptor phosphorylation in HEK/DO
that is sensitive to AG1024 and AG538, and iii) in addition to HB-EGF, DOR activation triggers
the release of an IGF-1-like peptide into the culture medium from chronically EGF-treated

HEK/DOR cells. Such a switch inthe RTK system transactivated by opioids may be explained by
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the presence of MMP isoforms 2 and 9 in HEK/DOR cdlls (Schulz et al., 2004), which are rather
non-specific and cleave both HB-EGF and IGF-1 from their respective precursors and binding
proteins (Meng et al., 2008). In addition, chronic EGF treatment has been previously reported to
induce the synthesis and the release of IGF-1-like peptides from adult rat hepatocytes, an effect
that is accompanied with an increased expression of both IGF-1 and IGF binding protein IGFBP-
1 mRNA (Barrecaet a., 1992).

The continued shedding of HB-EGF by DOR activation in HEK/DOR=®™ “donor” cells
contrasts the finding that conditioned medium from these cells fails to stimulate ERK1/2 activity
in HEK293 wt “acceptor” cells that should carry functionally active EGF receptors. One plausible
explanation for this discrepancy would be the presence of a negative regulator of HB-EGF
activity in the conditioned medium of HEK/DORE®™® “donor” cells. Indeed, chronic EGF
treatment has been reported to induce shedding of the membrane-associated heparin sulfate
proteoglycan Syndecan-1 into the extracellular milieu (Subramanian et al., 1997), which actsas a
soluble scavenger for HB-EGF that inhibits binding to EGF receptors (Bernfield et al., 1999).

The question remains why the supernatant from DADLE-stimulated HEK/DOR =™ “donor”
cellsfails to induce ERK1/2 activation in HEK293 wt “acceptor” cells, although HEK293 wt cells
carry functional 1GF-1 receptors (El-Shewy et al., 2004). Because chronic EGF treatment failed
to identify a major increase in the quantity of 1GF-1 receptors in membranes from HEK/DOR
EGFR cels, a functional mechanism must apply. For this, we analyzed IGF-1 receptor
autophosphorylation in response to chronic EGF treatment, which has been previously shown to
prolong the growth of EGF-treated BALB/c3T3 cells co-expressing the EGF and IGF-1 receptors
(Pietrzkowski et al., 1992). However, our experiments failed to identify a comparable increase in

IGF-1 receptor autophosphorylation after chronic EGF treatment in HEK/DOR®®™ cells. These
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results suggest that chronic EGF treatment might increase the sensitivity of IGF-1 receptors to its
ligand by down-regulation of its cognate inhibitor protein IGFBP-3 (Takaoka et al., 2006). Such a
functional mechanism could explain why DOR activation selectively stimulates IGF-1 receptor
phosphorylation in HEK/DOR ™, but not in HEK/DOR cells,

In conclusion, the present study demonstrates that DOR-mediated ERK1/2 signaling is not
restricted to transactivation of EGF receptors in HEK/DOR or TrkA receptors in NG108-15
hybrid cells. After functional desensitization of the dominant RTK systems in these cell lines,
opioid-induced stimulation of ERK1/2 activity is redirected via the IGF-1 receptor system. The
switch in the RTK system utilized by opioids to bring about ERK1/2 signding isin line with the
observation that the activity state of the predominant RTK in a given cellular setting determines
the functional activity of the IGF-1 receptor system (Pietrzkowski et al., 1992; Roudabush et al.,
2000). Crossregulation of RTK systems is of substantial physiological significance in the
developing and adult brain. Whereas EGF and TrkA receptors regulate the embryonic
development of different neuronal cells, the IGF-1 receptor system controls adult neurogenesis
(Kato et al., 1995; Lewin and Barde, 1996). In this respect, the ability of opioids to transactivate
of each of these RTK systems as described herein might contribute to opioid modulation of
neurogenesis during fetal development and in the adult brain (Sargeant et al., 2008). Because the
switch in opioid-induced RTK signaling largely relies on the ability of MMPs to cleave a broad
spectrum of growth factor precursors, the present study raises the intriguing possibility that
opioid receptors might serve as potential drug targets to interfere with the biological functions of

anumber of RTK systemsin awide variety of cell lines and tissues.
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LEGENDSTO FIGURES

Figure 1.

Regulation of opioid-stimulated ERK1/2 activity by chronic EGF treatment.

A) EGF receptors mediate opioid-stimulated ERK1/2 signaling in HEK/DOR, but not in
HEK/DOR ™ cells. HEK/DOR cdlls were chronically treated with EGF (0.1 pug/ml; 18 h) to
desensitize the EGF receptor. These cells were designated HEK/DOR™=C, Cells were then
washed and equilibrated for 2 h in DMEM/0.1% FCS either in the absence or presence of EGF.
When indicated, the EGF receptor blockers AG1478 (5 uM) or CL-387,785 (1 uM) were added
at the end of the preincubation period (30 min). Cells were then stimulated for 5 min with 1 uM
DADLE, 0.1 uM etorphine, and 10 ng/ml EGF, before reactions were stopped and ERK1/2
activation was assessed by means of Western blotting using a phospho-specific anti-p42/44
antibody (p-ERK1/2). Overall ERK1/2 abundance was evaluated using a pan-reactive anti-p42/44
antibody (ERK1/2). Opioid-stimulated ERK1/2 activity is expressed as the ratio of phospho-
ERK1/2 to ERK1/2 immunoreactivity, which was normalized to the maximum effect of DADLE
in HEK/DOR cdlls (set to 100%). Data shown are the mean values + S.D. from at least n=3
independent experiments.

B) Down-regulation of EGF receptors by chronic EGF treatment. HEK/HA-DOR cells were
chronically treated with EGF (0.1 pg/ml; 18 h) before membranes were prepared and relative
EGF receptor and DOR abundances were determined by Western blot. Equal protein loading was
verified by staining of the blots with an anti-G protein 12 subunit antibody.

C) Effect of SRNA-mediated EGF receptor knock-down on EGF and DOR-mediated ERK1/2

signaling. HEK/DOR célls were transfected with mixtures of three control or EGF receptor-
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specific SRNAs and allowed to grow overnight. After serum-starvation for 2 h, cells were
pretreated with AG1478 (5 uM) and CL-387,785 (1 uM) for 30 min. Subsequently, cells were
incubated for 5 min with DADLE (1 pM), etorphine (0.1 pM) and EGF (10 ng/ml), and
examined for EGF receptor abundance and ERK1/2 phosphorylation by Western blotting as
described above. The immunoblots shown are representative for 3 independent experiments

yielding qualitative similar results.

Figure 2.

Simulation of ERK1/2 activity by opiocidsin HEK/DOR =™ cellsis mediated by MMPs.

A) Chronic EGF treatment does not affect opioid-induced DOR internalization. HEK293 cells
were transiently transfected to express the EGFP-tagged DOR (green). At the end of EGF (0.1
pa/ml) pretreatment, cells were kept for 30 min ether in the absence (cn) or presence of Con A
(250 pg/ml) before DOR internalization was induced by the addition of 1 uM DADLE and 0.1
UM etorphine for 60 min. Whereas short-term exposure to opioids results in a punctuate
accumulation of the EGFP-tagged receptor in the cytosol (upper pand), the fluorescence remains
at the plasma membrane in the presence of Con A (lower panel). The images shown are
representative for at least 3 independent experiments (space bar = 10 uM).

B) Identification of the pathway mediating opioid-induced ERK1/2 activation after chronic EGF
treatment. Naive and transiently c-Myc-SOCS-3-transfected HEK/DOR cells were chronically
exposed to EGF (0.1 pg/ml; 18h) for EGF receptor down-regulation (HEK/DORFC). Cells
were washed and equilibrated for 2h to serum-free conditions in the continued presence of EGF.
When indicated, Con A (250 pg/ml; 30 min), EGCG (50 uM; 2h) and GM6001 (2 uM; 1 h) were

added to the incubation medium to block receptor endocytosis and MMP activity, respectively.
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Mitogenic signaling was stimulated for 5 min by the addition of DADLE (1 uM) and etorphine
(0.1 uM), before ERK 1/2 activation was determined by Western blotting asin Fig. la.

C) Opioid-gtimulated ERK1/2 signaling in CHO-K1 cels is not mediated by DOR
internalization. CHO-K1 cells were transfected to transiently express the DOR and incubated
with Con A and hypertonic sucrose as above to block receptor endocytosis. Subsequently, cells
were examined for DADLE and etorphine-induced ERK1/2 phosphorylation. Opioid-stimulated
ERK1/2 activity is expressed as the ratio of phospho-ERK1/2 to ERK1/2 immunoreactivity. Data
were normalized to the maximum effect of DADLE in CHO-K1 cells, which served as the
control (set to 100%). Data shown represent the mean values + SD. from at least n=3

Independent experiments.

Figure 3.

Chronic EGF treatment produces a switch in the RTK system transactivated by opioids.

A) Schematic representation of the cell based supernatant transfer assay. DOR-expressing
HEK/DOR “donor” cells are stimulated with DADLE to induce the release of soluble growth
factors by ectodomain shedding. This “conditioned” medium was collected and used to stimulate
ERK1/2 activity in HEK293 or CHO-K1 “acceptor” cdlls lacking endogenous opioid receptors.
B) Paracrine stimulation of ERK1/2 activity by opioid-released factors. HEK/DOR and
chronically EGF treated HEK/DOR®®™ “donor” cells were equilibrated for 2 h to serum-free
conditions before the release of soluble ligands was stimulated by the addition of DADLE (1 uM;
5 min). Cells were chilled on ice; conditioned media were collected, centrifuged and used to
stimulate ERK1/2 activity in HEK293 wt, HEK293 ™R or CHO-K1 “acceptor” cells. After 5

min at 37°C, media were removed, cells were lyzed in Laemmli sample buffer, and ERK1/2
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activity was determined by Western blot analysisasin Fig. 1la. ERK1/2 activation is expressed as
the ratio of p-ERK1/2 to ERK1/2 immunoreactivity, which was normalized to the stimulatory
effect of conditioned media from DADLE-treated HEK/DOR “donor” in HEK293 wt “acceptor”
cells (set to 100%). Data represented are mean values + SD. from at least n=3 independent

experiments.

Figure 4.

|GF-1 receptors mediate opioid-induced ERK1/2 activation in HEK/DOR R cells,

A + B) ldentification of the RTK mediating DOR-stimulated ERK1/2 signaling in chronically
EGF treated HEK/DOR cells. Conditioned media from DADLE (1 pM; 5 min)-treated or
untreated HEK/DOR =R “donor” cells were collected und used to stimulate ERK1/2 activity in
EGF receptor-deficient HEK293 ™ and CHO-K1 “acceptor” cells as described in Fig. 3b.
Before the addition of conditioned media, “acceptor” cells were pretreated for 30 min with
tyrphostin AG1295, AG1024, AG538, and AG1478 to inactivate PDGF, IGF-1 and EGF

3ECFR as well as in

receptors, respectively. Note that inhibition of IGF-1 receptors in HEK29
CHO-K1 “acceptor” cells blocks ERK1/2 activation by conditioned medium of opioid-stimulated
HEK/DOR®*™ cdlls.

C) Effect of IGF-1 receptor gene silencing on IGF-1 receptor abundance and ERK1/2 signaling.
Cells were transfected with mixtures of three control (-) and IGF-1 receptor-specific SRNAS (+)
and allowed to grow overnight either in the absence (CHO-K1) or presence of EGF (0.1 ug; 18 h;
HEK/DOR ). Cells were stimulated with IGF-1 (10 ng/ml; 5 min) and analyzed for IGF-1

receptor expression as well as total and phospho-ERK 1/2 immunoreactivity.

D) Opioid-induced stimulation of ERK1/2 activity in HEK/DOR®™ cells is mediated by
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transactivation of IGF-1 receptors. HEK/DOR and HEK/DOR =™ cells were pretreated with the
IGF-1 receptor blockers AG1024 and/or AG538 during the last 30 min of the equilibration period
to serum-free conditions. Stimulation of 1GF-1 receptor phosphorylation and ERK1/2 activity
was determined for 5 min in the presence of 1 uM DADLE and 0.1 M etorphine, before reactions
were stopped and proteins were subjected to Western blot analysis using phospho-specific anti-

p42/44 and anti-IGF-1R antibodies.

Figure 5.

Chronic EGF treatment of HEK/DOR cells alter s the spectrum of opioid-released growth factors.
A) Chronic EGF treatment fails to affect overall IGF-1 receptor abundance and phosphorylation.
Membranes (IGF-1R, GBi) and whole cell solubilizates (phospho-IGF-1R) from naive and
chronically EGF-treated HEK/HA-DOR célls were electrophoresed, transferred onto Immobilon-
P membranes and stained with antibodies against the regulatory subunit of the human IGF-1
receptor, the autophosphorylation sites of the IGF-1 receptor, and the G protein B1, subunit as
described in Fig. 1b.

B) Analysis of the soluble factors released by DOR activation. Serum-free media of DADLE-
stimulated and untreated HEK/DOR and HEK/DOR =™ “donor” cells were precipitated by TCA
and subjected to microfluidic electrophoresis under denaturating conditions. HB-EGF (2 ng) and
IGF-1 (6 ng) served as the standards and were run in parallel on the same chips. Conditioned
media from DADLE-treated HEK/DOR and HEK/DOR ™ cells contain a peptide displaying
the same eectrophoretic mobility than HB-EGF. A soluble ligand co-migrating with the
monomeric form of IGF-1 is only found in HEK/DOR =™ after DOR activation. The experiment

shown is representative of threeindividual experiments producing qualitatively similar results.
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Figure 6

Effect of chronic NGF treatment on DOR-mediated ERK1/2 signaling in NG108-15 cells.
NG108-15 cells were incubated for 18 h in the absence or presence of NGF (100 ng/ml) to
desensitize TrkA receptors (NG108-15 "™ *). Cells were equilibrated to serum-free conditions for
2 h and subsequently treated with DADLE (1 pM), etorphine (0.1 uM) or NGF (100 ng/ml) for
additional 5 minutes. When indicated, the TrkA and IGF-1 receptor blocker AG879 (100 uM)
and AG1024 (10 uM) were added during the last 30 min of the equilibration period. ERK1/2
phosphorylation and overall ERK1/2 abundance and was determined by Western blot as in Fig.
la. ERK1/2 activation is expressed as the ratio of pERK1/2 to ERK1/2 immunoreactivity, which
was normalized to the effect of DADLE in the controls (set to 100%). All results are the mean +

S.D. values from n=3 independent experiments.
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