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1 The growth hormone secretagogue receptor 1a (GHSR-1a) is a G-protein coupled receptor,
involved in the biological actions of ghrelin by triggering inositol phosphates and calcium intracellular
second messengers. It has also been reported that ghrelin could activate the 44- and 42-kDa
extracellular signal-regulated protein kinases (ERK1/2) in different cell lines, but it is not clear
whether this regulation is GHSR-1a dependent or not.

2 To provide direct evidence for the coupling of GHSR-1a to ERK1/2 activation, this pathway has
been studied in a heterologous expression system.

3 Thus, in Chinese hamster ovary (CHO) cells we showed that ghrelin induced, via the human
GHSR-1a, a transient and dose-dependent activation of ERK1/2 leading to activation of the
transcriptional factor Elk1.

4 We then investigated the precise mechanisms involved in GHSR-1a-mediated ERK1/2 activation
using various specific inhibitors and dominant-negative mutants and found that internalization of
GHSR-1a was not necessary. Our results also indicate that phospholipase C (PLC) was involved in
GHSR-1a-mediated ERK1/2 activation, however, pathways like tyrosine kinases, including Src, and
phosphoinositide 3-kinases were not found to be involved. GHSR-1a-mediated ERK1/2 activation
was abolished both by a general protein kinase C (PKC) inhibitor, Gö6983, and by PKC depletion
using overnight pretreatment with phorbol ester. Moreover, the calcium chelator, BAPTA-AM, and
the inhibitor of conventional PKCs, Gö6976, had no effect on the GHSR-1a-mediated ERK1/2
activation, suggesting the involvement of novel PKC isoforms (e, d), but not conventional or atypical
PKCs. Further analyses suggest that PKCe is required for the activation of ERK1/2.

5 Taken together, these data suggest that ghrelin, through GHSR-1a, activates the Elk1 transcrip-
tional factor and ERK1/2 by a PLC- and PKCe-dependent pathway.
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Introduction

Ghrelin, an acylated 28 amino-acid peptide, is predominantly

a gastric hormone but is also produced ubiquitously at a

lower level (Kojima et al., 1999; Gnanapavan et al., 2002).

Two major physiological functions have been described for

this hormone: the ability to induce the release of growth

hormone (GH) (Bowers, 2001; Inui, 2001; Nakazato et al.,

2001; Cummings et al., 2002) and to stimulate food intake

and adiposity both in rodents (Tschop et al., 2000; Wren et al.,

2000) and humans (Inui, 2001; Wren et al., 2001). The major

circulating form of ghrelin is unacylated (des-acyl ghrelin) but

only the acylated form is able to bind its known receptor, the

GH secretagogue receptor 1a (GHSR-1a) (Kojima et al., 1999;

Hosoda et al., 2000). This Gq/11 protein-coupled receptor

(GPCR) is mainly expressed in the pituitary and hypothalamus

(Guan et al., 1997; McKee et al., 1997). It was first identified

as the receptor for GH secretagogues (GHSs), a group of

synthetic molecules endowed with strong GH-releasing activity

(Howard et al., 1996). Functionally, activation of GHSR-1a

has been shown to trigger both calcium release from

intracellular stores through the generation of inositol trispho-

sphates and calcium entry from the extracellular medium via

voltage-operated L-type channels, leading to the release of GH

from somatotroph cells or GH-releasing hormone from

hypothalamic neurons (Smith et al., 1997; Lall et al., 2004).

In addition to playing an important role in the short-term

regulation of peptide secretion, the GHSR-1a could also elicit
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long-term responses, as other GPCRs do, by stimulating

mitogen-activated protein kinases (MAPKs), such as the

extracellular signalling-regulated kinase 1 and 2 (ERK1/2),

the stress-activated c-jun NH2-terminal kinases (JNK) and p38

kinases (Gutkind, 1998). ERK1/2 are protein-serine/threonine

kinases mainly involved in the activation of nuclear transcrip-

tion factors controlling cell proliferation, cell differentiation

and cell death (Gutkind, 2000).

The regulation of ERK1/2 through GPCRs is a complicated

process as there is a great heterogeneity in the different

mechanisms that have been reported. However, there has been

substantial progress in the understanding of cellular events

that link the activation of GPCR with ERK1/2 (Lefkowitz

et al., 2002). These signalling events can be classified into

several distinct pathways including (i) the ras-dependent

activation of ERK1/2 via transactivation of receptor tyrosine

kinases (RTKs), (ii) the ras-independent ERK1/2 activation

via protein kinase C (PKC) that converges with the RTK

signalling at the Raf level, (iii) the modulation of ERK1/2

activation via the cAMP/protein kinase A (PKA) pathway, in

which the direction of regulation depends on Raf-subtypes,

and (iv) the recently discovered b-arrestin-mediated pathway

proven in certain classes of GPCRs (Pierce et al., 2001).

However, it should be mentioned that these signalling path-

ways have been deduced from a limited sets of individual

receptors or cell types, and more extensive systemic studies

are needed for these signalling models to be generalized

(Liebmann, 2001).

There is ongoing controversy as to whether the known

GHSR-1a receptor is the sole receptor for GHSs or just one

member of a group of receptors for such ligands. The existence

of different receptors might be endorsed by the differences in

the binding activities reported for ghrelin and several other

GHSs (Ong et al., 1998; Chen, 2000; Ghe et al., 2002). In

addition, different cellular functions involving mitogenic

pathways were described for ghrelin in cell lines, which express

GHSR-1a and in those that do not express GHSR-1a.

Thompson et al. (2004) have shown that both ghrelin and

des-acyl ghrelin could promote adipogenesis directly in vivo

and suggested a mechanism independent of GHSR-1a. In

addition, both ghrelin and des-acyl ghrelin inhibited cell death

through activation of the ERK1/2 and the phosphatidylino-

sitol 3-kinase (PI3K)/Akt pathways in H9c2 cardiomyocytes,

which do not express GHSR-1a (Baldanzi et al., 2002). Further

studies reported an antiproliferative role of ghrelin in the

absence of any detectable GHSR-1a on breast (Cassoni et al.,

2001), lung (Ghe et al., 2002) and thyroid cell lines (Volante

et al., 2003). However, ghrelin was also shown to induce cell

proliferation in cell lines expressing the GHSR mRNA. Cell

proliferation occurred via the activation of MAPK pathway

in the hepatoma HepG2 cell line (Murata et al., 2002) and

via a tyrosine kinase-dependent but PKC-independent

activation of ERK1/2 in rat adrenal zona glomerulla cell

cultures (Andreis et al., 2003). Finally, ghrelin exerts a

proliferative effect in cell lines reported to express GHSR-1a

mRNA, via activation of the ERK1/2 and the PI3K/Akt

pathways in 3T3-L1 adipocytes (Kim et al., 2004) and via a

PKC- and TRK-dependent activation of ERK1/2 in the

pituitary GH3 cell line (Nanzer et al., 2004). However, in

these cell lines, a subtype of the ghrelin receptor distinct

from GHSR-1a could also be expressed (Nanzer et al., 2004;

Zhang et al., 2004).

Therefore, as the involvement of GHSR-1a in these cellular

events and notably in the activation of ERK1/2 is not clear, we

developed a cellular model expressing exclusively the GHSR-

1a to study the molecular mechanisms by which ghrelin is able

to induce ERK activation. We selected Chinese Hamster

Ovary (CHO) cells to transiently express the human GHSR-1a

(hGHSR-1a). We then (i) pharmacologically characterized

this model (ii) determined whether clathrin-mediated endo-

cytosis was required for the activation of ERK1/2 and (iii)

identified the putative signalling mediators involved in ERK1/

2 activation using various specific inhibitors and dominant-

negative mutants.

Methods

Materials

Ham’s F-12 medium, fetal bovine serum (FBS), nonessential

amino acids and HBSS were all purchased from Invitrogen

(Cergy Pontoise, France). Phosphate-buffered saline (PBS),

penicillin-streptomycin, L-glutamine, Dulbecco’s modified

eagle’s medium (DMEM) and medium 199 were all from

Cambrex (Emerainville, France). Bovine serum albumin (BSA)

fraction V, sodium dodecyl sulfate (SDS) and mouse anti-

PKCd came from Euromedex (Souffelweyersheim, France).

Human ghrelin, human des-acyl ghrelin and MK0677 were

purchased from NeoMPS (Strasbourg, France). Myo-[2-3H]in-

ositol (15Cimmol�1) and human 125I-His(9)-ghrelin

(2000Cimmol�1) were from Amersham (Orsay, France).

JMV 1843 (H-Aib-D-Trp-D-gTrp-CHO) and D-Lys(3)-GHRP6

was synthesized in our laboratory. 4-(2-aminoethyl) benzene-

sulfonyl fluoride hydrochloride (AEBSF) was bought from

Fulka Chemie AG (Buchs, Switzerland). MEK1/2 inhibitor

Uo126, phospho-p42/p44 MAPK (Thr202/Tyr204) antibody,

phospho-p38 MAPK (Thr180/Tyr182) antibody, phospho-

SAPK/JNK (Thr183/Tyr185) antibody, anti-rabbit IgG HRP-

linked antibody, anti-mouse IgG HRP-linked antibody,

lumiGLO reagent and peroxide were all purchased from

Cell signalling technology (Ozyme, St Quentin Yvelines,

France). The mouse anti-PKCe antibody was from Transduc-

tion Laboratories (Lexington, KY, U.S.A.). AG1-X8 resin

(200–400 mesh, formate form) was purchased from Bio-Rad

(Hercules, U.S.A.) and pluronic acid was purchased from

Molecular Probes (Paris, France). Phorbol-12-myrsitate-13-

acetate (PMA), pertussis toxin (PTX), genistein, tyrphostin 23,

concanavalin A (Con A), U-73122 (1-(6(((17b)-3-Methoxyes-

tra-1,3,5 (10)-trien-17-yl)amino))hexyl)-1H-pyrrole-2,5-dione),

U-73343 (1-(6(((17b)-3-Methoxyestra-1,3,5 (10)-trien-17-yl)a-

mino))hexyl)-2,5-pyrrolidinedione), rabbit anti-PKCa, poly

D-lysine, bacitracin, adenosine, cycloheximide, acetoxymethyl

ester of 1, 2-bis(2-aminophenoxy) ethane-N,N,N0,N0-tetra-
acetic acid (BAPTA-AM) and probenecid were all purchased

from Sigma (Lyon, France). 4-amino-5-(4-chlorophenyl)-7-(t-

butyl) pyrazol (3, 4-d) pyrimidine (PP2), 4-amino-7-phenyl-

pyrazol (3, 4-D) pyrimidine (PP3), wortmannin, Gö6983 (2-(1-

(3-dimethylaminopropyl)-5-methoxyindol-3-yl)-3-(1H-indol-3-

yl)maleimide) and Gö6976 (12-(2-cynanoethyl)-6,7,12,

13-tetrahydro-13-methy-5-oxo-5H-indol (2, 3-a) pyrrollo

(3. 4-c) carbazole) were all purchased from Calbiochem

(La Jolla, U.S.A.).
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Cell culture and transfection

CHO cells were cultured in DMEM supplemented with 10%

(vv�1) FBS, 1% (vv�1) of nonessential amino acids, 2mM

glutamine and streptomycin-penicillin (250mgml�1 to

250 IUml�1), at 371C in a humidified atmosphere with 5%

CO2. For transient transfections, 5� 106 cells were transfected

with 30mg of DNA/cuvette using Easyject Optima electro-

porator (Equibio, Kent, U.K.) following the manufacturer’s

instructions. For co-transfection, the cells were transfected with

10mg of plasmid encoding hGHSR-1a together with 20mg of the

plasmid of interest (dominant-negative or wild-type dynamins,

dominant negative or wild-type b-arrestins, dominant-negative

or wild-type PKCs, pcDNA3 or pEGFP-N1). Upon transfec-

tion, cells were diluted by addition of DMEM without phenol

red, supplemented with 10% FCS, L-glutamine and strepto-

mycin-penicillin. Specific binding of labelled ghrelin under the

different experimental co-transfection conditions was assayed

as a control for expression level of GHSR-1a.

Plasmids

Wild-type human growth hormone secretagogue receptor 1a

(hGHSR-1a), in mammalian expression vector pcDNA3.1 was

purchased from Guthrie Reasearch Institute (Sayre, PA,

U.S.A.). Vectors pcDNA3 and pEGFP-N1 were from Clontech

Laboratories (Palo Alto, CA, U.S.A.). The following plasmids

were generous gifts: pEGFP-N1 encoding GFP-tagged human

b-arrestin 1 and GFP-tagged human b-arrestin 1319�418 from

F. Boulay (CEA, Grenoble, France), the HA epitope-tagged

b-arrestin 2 and b-arrestin 2284�409 in pcDNA3 from J.L. Benovic

(Thomas Jefferson University, Philadelphia, U.S.A.), pEGFP-

N1 encoding GFP-tagged human wild-type PKCa, PKCd, PKCe
and pcDNA4 encoding c-myc-tagged rat dominant-negative

PKCaK368R, PKCdK379R, PKCeK436R were all from Dr D. Joubert

(IGF, Montpellier, France), and the HA epitope-tagged wild-

type and K44A mutant dynamin-1 and 2 in pcDNA3 from

Dr Kazuhisa Nakayama (Kyoto University, Japan).

Plasmid construction of the C-terminal tagging
hGHSR-1a with GFP (hGHSR-1a-GFP)

The hGHSR-1a cDNA was amplified by polymerase chain

reaction using the following sense and antisense oligonucleotide

primers: 50-CTC AAG CTT CGA ATT CTG GCC ACC ATG

TGG AAC GCG ACG CCC AGC GAA GAG-30 (containing

the nucleotides ATT, the HindIII restriction site sequence, the

kozac sequence and nucleotides 1–27 of the GHS receptor

cDNA type 1a) and 50-CGG TGG ATC CCG GGC TGT ATT

AAT ACT AGA TTC TGT CCA GGC CCG-30 (corresponding
to nucleotides 1068–1098, followed by the sequence of the

BamHI restriction site, and four additional nucleotides, ACCG.

The PCR product (1137bp) was gel-purified, digested with

HindIII and BamHI and was then inserted into the HindIII and

BamHI sites of plasmids pEGFP-N1 upstream of the 50-end of

the pEGFP cDNA. The construct was verified by sequencing

(Genome express, Meylan, France).

Membrane preparation

After tranfection, cells were cultured in 100-mm dish. Crude

membranes were prepared on ice 24 h after transfection. Each

100-mm dish was washed twice with 10ml PBS and once with

10ml homogenization buffer (containing 50mM Tris-HCl

(pH 7.4), 5mM MgCl2, 2.5mM EDTA, 30 mgml�1 bacitracin).

Homogenization buffer (0.5ml) was then added to each dish,

and cells were removed by scraping and lysed after two freeze–

thaw cycles. The homogenate was centrifuged for 20min at

11,000� g at 41C, and the resulting crude membrane pellet

(chiefly containing cell membranes and nuclei) was resus-

pended in homogenization buffer supplemented with 0.06%

BSA and stored at �801C.

Radioligand-binding study

The binding of 125I-labelled ghrelin to crude membranes

prepared from transfected cells was performed essentially as

described (Guerlavais et al., 2003). Binding reactions were

performed at 201C for 1 h in a total volume of 0.5ml

containing 0.1ml membrane suspension (10 mg protein), 50ml
competing drug (from 10�12 to 10�3

M), 300 ml homogeniza-

tion buffer, and 50ml 125I-labelled ghrelin (2.5� 10�11
M),

for displacement binding studies, or in the presence of

15–700 pM 125I-labelled ghrelin for saturation binding studies.

Bound radioligand was separated by filtration through GF/C

filters pretreated for 1 h with 0.5% polyethylenimine. After

application of the membrane suspension to the filter, the

filters were washed three times with 3ml of ice-cold wash

buffer (containing 50mM Tris-HCl (pH 7.4), 10mM MgCl2,

2.5mM EDTA, and 0.015% Triton X-100) and the bound

radioactivity on the filters was quantitated by counting.

Specific binding (490% of total) is defined as the difference

between total binding and nonspecific binding conducted

in the presence of 1mM unlabelled ghrelin. IC50, Kd and

Bmax values were performed using PRISM 3.0 (GraphPad,

San Diego, U.S.A.).

Measurement of inositol phosphates production

One day after transfection, cells (105 cellsml�1) plated in 24-

multiwell culture plates, were washed with 1ml of medium 199

containing antibiotics (250 IUml�1 penicillin and 250mgml�1

streptomycin) and cultured for 16 h in 1ml of the same

medium containing 2 mCi of myo-[2-3H]inositol. After this

time, the cells were washed in medium 199 with antibiotics and

incubated (30min, 371C) in the same medium containing

20mM LiCl. Cells were then washed with 1ml of IP buffer

(containing 135mM NaCl, 20mM HEPES, 2mM CaCl2,

1.2mM MgSO4, 1mM EGTA, 10mM LiCl, 11.1mM glucose,

and 0.5% BSA, pH 7.45) and incubated with or without

ghrelin (from 10�13 to 10�6
M) in a final volume of 500ml of IP

buffer. After 1 h incubation at 371C, the reaction was stopped

by removing the incubation medium and adding 1ml of a

mixture of ethanol/HCl (2000 : 1, v v�1). The samples were then

applied to the columns containing 1ml of a 1 : 2 (v v�1) Dowex

AG-1-X8 anion exchange resin in distilled water. The columns

were washed with 2� 3ml of distilled water and 2� 2ml

of 40mM ammonium formate. Inositol phosphates were

eluted with 2.5ml of 1M ammonium formate. The radio-

activity of each eluate was counted after addition of 10ml of

Complete Phase Combining System solution. Determinations

were made in triplicates. EC50 calculations were performed

using PRISM 3.0.
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Intracellular Ca2þ measurement

The FlexStation machine (benchtop scanning fluorometer,

Molecular Devices, Sunnyvale, CA, U.S.A.) was used to

measure agonist-induced calcium mobilization. One day before

the assay, hGHSR-1a-expressing CHO cells (105 cells/

100mlmediumwell�1) were seeded into the black-wall, clear-

bottom 96-well plate (Corning 3603) precoated with poly-D-

lysine. After 24 h, the medium was discarded, the cells washed

and then incubated with 100ml well�1 of the assay buffer

(containing Hanks’ balanced salt solution, 0.5% BSA, 20mM

Hepes, 1mM MgSO4, 3.3mM Na2CO3, 1.3mM CaCl2, 2.5mM

probenecid, pH 7.4) containing 1mM fluo 4-AM (Interchim),

0.06% pluronic acid. The cells were then left to incubate for

60min at 371C, 5% CO2. Following this, the cells were washed

with 2� 100ml of the assay buffer and then 50ml well�1 of the

assay buffer was added. The plate containing the cells was

placed into the FlexStation and the assay was started by

automatic addition of 50ml well�1 of the agonist diluted in assay

buffer (from 10�12 to 10�2
M). The fluorescence output was

measured over 1min. The basal fluorescence intensity of dye-

loaded cells was 500–1000 and the fluorescence peak on maximal

response observed with 100 nM ghrelin was 6500–8000 arbitrary

units. EC50 calculations were performed using PRISM 3.0.

ERK1/2 phosphorylation

One day after transfection, cells plated in six-well culture plates

(3� 105 cells/well) were starved for 1 h in serum-free Ham’s

F-12 medium, before treatment at 371C with selected agents.

Cells were then placed on ice, the media was aspirated, and the

cells were washed twice with ice-cold PBS and lysed in 60 ml 2X
Laemmli sample buffer containing 1mM AEBSF. The samples

were heated to 951C for 10min, and centrifuged. Proteins were

separed by SDS–PAGE (5% stacking gel, 10% running gel)

and electroblotted onto nitrocellulose membrane. The

membranes were incubated for 1 h at room temperature in

PBS containing 5% nonfat dry milk, followed by overnight

incubation at 41C with antibodies to phospho-ERK1/2

(1 : 2000 dilution). The following day, the membranes were

incubated with the horseradish peroxidase-conjugated second-

ary antibodies for 1 h at room temperature in 5% BSA. Blots

were then visualized with the chemiluminescent western

blotting kit. Blots were stripped and reprobed with antibodies

for total (unphosphorylatedþ phosphorylated) ERK1/2 to

control for protein loading.

125I-ghrelin internalization assay

CHO cells transiently expressing hGHSR-1a were grown in

triplicate in six-well culture plates. Twenty-four hours after

transfection, the cells were placed on ice, washed twice, and

incubated for 3 h at 41C with 0.3 nM
125I-ghrelin with or

without 250 mgml�1 concanavalin A (Con A) in binding buffer

(containing Ham’s F-12 medium, 20mM Hepes, pH 7.4, 1%

BSA). In order to block the new receptor synthesis, protein

synthesis was inhibited by the addition of 100mM cyclohex-

imide, which was added in binding buffer and maintained

throughout the assay. After 3 h, the media containing labelled

ghrelin was removed and the cells were washed twice with ice-

cold binding buffer. Fresh binding buffer was added with or

without 250 mgml�1 Con A and cells were incubated at 371C

for 20min. Incubations were stopped by placing cells on ice

and rapidly washing them with ice-cold PBS. The membrane-

bound radioligand was stripped by treatment with ice-cold

acid wash solution (containing 0.5M NaCl and 0.2M acetic

acid, pH 2.6) for 15min. The released radioligand (acid-

released) was then collected to estimate the surface-associated
125I-ghrelin. The internalized (acid-resistant) radioligand was

estimated after solubilization of the cells with 1ml of lysis

buffer (containing 1% Nonidet P-40, 0.5% Triton X-100 and

1M NaOH) and washing with an additional 0.5ml of the same

solution. The nonspecific binding was measured in parallel

experiments using 1 mM ghrelin. Radioactivity was quantified

in a g-counter. The percentage of internalization of hGHSR-1a

was calculated after deduction of the respective nonspecific

value: % receptor on cell surface¼ ((c.p.m. acid-released)/

(c.p.m. acid-resistantþ c.p.m. acid-released))� 100.

Immunostaining

Cells transiently expressing the hGHSR-1a-GFP were grown

on glass coverslips. After stimulation, cells were washed with

PBS and fixed with 4% paraformaldehyde for 10min at room

temperature. Cells were then rinsed with PBS, permeabilized

by immersing in 100% methanol at �201C for 10min, blocked

in 3% BSA in PBS, and finally incubated with phospho-p44/

p42 MAP kinase antibody diluted (1 : 200 dilution) in the

blocking buffer overnight at 41C. After rinsing with PBS

containing 0.1% triton, cells were incubated for 1 h with Cy3-

conjugates anti-rabbit IgG secondary antibodies (Jackson

Immunoresearch, Cambridgeshire, U.K.) at 1 : 200 dilution in

PBS containing 3% BSA for 1 h. Cells were then washed in

PBS and mounted with mowiol for fluorescence analysis

(Nikon Diaphot 300 microscope).

Elk1 reporter assay

To determine whether Elk1 is activated by ghrelin, the

PathDetect Reporting System (Stratagene) was used. A plasmid

containing five tandem repeats of the yeast GAL4 binding sites

linked to firefly luciferase (pFR-Luc, 5mg) and another plasmid

consisting of the activation domain of Elk1 fused with the DNA-

binding domain of the yeast GAL4 (Elk1-GAL4, 5mg), were co-

transfected with 20mg of hGHSR-1a cDNA into 5� 106 cells by

electroporation. The transfected cells were plated in twelve-well

plates (105 cells/well). Sixteen hours after the transfection, the

culture medium was changed to serum-free for 24h. Cells were

further cultured in the presence or absence of ghrelin (10�7
M) for

an additional 8 h. Cells were then lysed with the reporter lysis

buffer (Promega, Charbonni�eres, France) and luciferase activity

in cleared lysates was measured using a Wallac 1420 Microbeta

Jet, upon injection of luciferase detection buffer (containing

15mM K2HPO4-KH2PO4, 1.05mM MgCl2, 2.7mM MgSO4,

0.2mM EDTA, 0.53mM ATP, 0.27mM Coenzyme A and

0.5mM Luciferin, pH 7.4).

Results

Pharmacological characterisation of the transiently
expressed hGHSR-1a in CHO cells

To determine the pharmacological properties of the hGHSR-

1a transiently expressed in CHO cells, we performed both
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125I-ghrelin binding assays and measures of second messagers

using either membrane preparations or direct cell cultures.

Saturation experiments showed that hGHSR-1a expressing

cells displayed high affinity, saturable and specific binding

(dissociation constant Kd¼ 0.1 nM and binding capacity

Bmax¼ 580 fmol per mg protein; single class of binding sites;

Figure 1a). Competition binding analysis demonstrated high-

affinity binding of ghrelin and MK-0677, a synthetic GHS

peptidomimetic (IC50¼ 0.7 and 0.9 nM, respectively), while des-

acyl ghrelin and adenosine, a nucleotide reported to behave as

a partial agonist of the GHSR-1a by binding to a site distinct

from the ghrelin binding site (Smith et al., 2000; Tullin et al.,

2000) did not bind (Figure 1b). These results are similar to

those reported with cells expressing endogenously or hetero-

logously the GHSR-1a (Howard et al., 1996; Camina et al.,

2004). In cells transfected with vector alone no specific binding

of ghrelin was found (data not shown). The functional analyses

of hGHSR-1a were performed using both IP and Ca2þ -

mobilization assays. As shown in Figure 1c, ghrelin but

not des-acyl ghrelin, induced the IPs production in a dose-

dependent manner, with an EC50 value of 0.5 nM. Similarly,

ghrelin but not des-acyl ghrelin evoked Ca2þ -mobilization

with an EC50 value of 0.95 nM (Figure 1d). Adenosine behaved

as a partial agonist of hGHSR-1a, inducing Ca2þ -mobilization

with an EC50 value of 9 mM. Cells transfected with vector

alone failed to respond to ghrelin and adenosine (concentra-

tion tested up to 100 mM; data not shown). Thus, under our

experimental conditions, the transiently expressed hGHSR-1a

in CHO cells is pharmacologically similar to the endogenous

GHSR-1a on native cells.

Ghrelin but not adenosine induces hGHSR-1a-mediated
ERK1/2 in CHO cells

The time course and dose–response relationship of hGHSR-1a-

mediated activation of ERK1/2, were studied in CHO cells

transiently transfected with the hGHSR-1a. As shown in

Figure 2a, the treatment of cells with ghrelin for periods ranging

from 0–30min induced a transient phosphorylation of ERK

(pERK1/2). Activation of ERK1/2 occurred as early as 2min

after ghrelin stimulation, peaked between 5 and 10min, and

lasted at least 30min. The dose dependence of GHSR-1a-

mediated ERK1/2 activation was also evaluated. The cells were

treated with various concentrations of ghrelin for 5min

corresponding to the incubation time that had previously given

maximal ERK1/2 activation. This analysis (Figure 2b) showed

that the activation of ERK1/2 was dose-dependent and occurred

in response to very low levels of ghrelin (1 nM). In contrast, no

Figure 1 Functional and binding analysis in CHO cells transiently expressing hGHSR-1a. CHO cells were transiently transfected
with the plasmid encoding hGHSR-1a (30mg/5� 106 cells). (a) Radioligand binding analysis with 125I-ghrelin by saturation
isotherm. Membranes prepared from cells were incubated with increasing amounts of 125I-ghrelin in the presence (nonspecific
binding) or absence (total binding) of 0,1 mM unlabelled ghrelin as described under Methods. Specific binding was calculated. Inset,
Scatchard analysis of the radioligand binding saturation isotherm. (b) Competitive displacement binding assay of the radiolabelled
125I-ghrelin was determined by incubation of membrane preparations from cells in the presence of increasing amounts of ghrelin,
MK-0677, adenosine and des-acyl-ghrelin. (c) Total IPs accumulated in cells incubated with ghrelin and des-acyl-ghrelin was
determined as described under Methods and expressed as percentage of the maximal ghrelin effect (100%¼ 3.570.5-fold
stimulation over basal production). (d) Calcium mobilization in cells stimulated Ghrelin, adenosine and des-acyl-ghrelin was
detected by a fluorometric imaging plate reader (FlexStation) assay as described under Methods and expressed as percentage of the
maximal ghrelin effect (100%¼ 9.571.0-fold stimulation over basal production). Results illustrated in panels a–d are the
mean7the standard deviation (s.d.) of three to seven independent experiments, each performed in triplicate.
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ERK1/2 activation was observed with des-acyl ghrelin and in

cells transfected with vector alone (data not shown).

Previous studies have demonstrated that the partial agonist

adenosine binds to GHSR-1a, a site distinct from the

characterized ghrelin-binding pocket. The effect of this non-

competitive compound on ERK1/2 activation was therefore

tested. Treatment with adenosine (100mM) for periods ranging

from 0–30min did not induce the phosphorylation of ERK1/2

(data not shown). In addition, pretreatment with adenosine

for 5min, before stimulation with ghrelin for 5min, did not

modulate ghrelin-mediated ERK1/2 activation (Figure 2c).

The effect of a competitive antagonist of ghrelin on ERK1/2

activation was also tested. Treatment with the GHSR-1a

antagonist, D-Lys(3)-GHRP-6, did not induce the phosphor-

ylation of ERK1/2, and abolished ghrelin-mediated ERK1/2

activation (Figure 2d). Together, these results suggest that

hGHSR-1a-mediated ERK1/2 activation is a specific effect of

the competitive agonists of ghrelin.

Localization and transcriptional role of hGHSR-1a-
mediated ERK1/2 activation, which is MEK1/2 dependent

Once activated, ERK1/2 can phosphorylate numerous plasma

membrane, cytosolic and cytoskeletal substrates (Pearson

et al., 2001). Activated ERK1/2 may also translocate to the

nucleus, where it activates transcription by phosphorylating

nuclear transcription factors, such as the Elk-1 which is a

member of ETS family (Pearson et al., 2001). To gain further

insight into the hGHSR-1a-induced ERK1/2 activation,

we examined the subcellular localization of pERK1/2 and we

investigated whether hGHSR-1a-induced ERK1/2 activation

leads to activation of Elk-1.

Under control conditions of no stimulation, no significant

cellular staining of pERK1/2 was observed by fluorescence

microscopy in cells transiently transfected with the GFP-

tagged hGHSR-1a (Figure 3a). Stimulation by ghrelin for 5 or

10min leads to phosphorylation of ERK1/2 and, cellular

staining of pERK1/2 was observed in both the cytoplasm

and nucleus of hGHSR-1a-GFP-expressing cells. A similar

subcellular accumulation of pERK1/2 was observed in

virtually all cells when stimulated with FBS for 10min under

control conditions (data not shown). MEK1/2 is an immediate

signalling component that directly controls ERK1/2 activity.

As expected, pretreatment of cells with Uo126, a selective

MEK1/2 inhibitor, before stimulation with ghrelin for 5min,

fully abolished hGHSR-1a-mediated ERK1/2 activation (Fig-

ure 3a and b). This indicates that upstream MEK1/2 activation

is a necessary event for hGHSR-1a-mediated ERK1/2 activa-

tion. The presence of GFP sequence had no effect on the

binding or function of the receptor (data not shown).

To determine whether this nuclear accumulation of pERK1/

2 could then activate transcription factors, we used a luciferase

reporter gene expression assay. In this experiment, activation

of the chimeric transcription factor (Elk1-GAL4) can be easily

visualized by measuring the corresponding luciferase activity.

As shown in Figure 3c, ghrelin stimulation of hGHSR-1a-

expressing cells for 8 h led to a 2.570.2-fold increase in Elk1-

driven luciferase activity. In agreement with the results

reported above, in the presence of Uo126, this activation was

completely abolished. Taken together, these results indicate

that activation of hGHSR-1a by ghrelin leads to activation of

the MEK1/2-ERK1/2 pathway and consequently to Elk1.

JMV 1843 induces GHSR-1a-mediated ERK1/2
activation

JMV 1843 is the only orally-administered peptidomimetic

GHS in clinical development which binds hGHSR-1a (Guer-

lavais et al., 2003). Recently positive Phase I clinical trial

results were reported. Potential indications for JMV 1843

include treatment of GH deficiency disorders in adults and

children, as well as metabolic complications associated with

critical illnesses, such as AIDS-associated cachexia, cancer,

and trauma. As this compound has been previously described

as an agonist for the GHSR-1a, we investigated its pharmaco-

logical behaviour on our cellular model. As shown in Figure 4,

we studied its affinity for hGHSR-1a and its ability to induce

Figure 2 Time course and dose–response relationship of hGHSR-
1a-induced activation of ERK1/2 in CHO cells. CHO cells were
transiently transfected with the plasmid encoding hGHSR-1a. (a)
Time course of hGHSR-1a-mediated activation of ERK1/2. Cells
serum-starved for 1 h were then incubated in the presence of 100 nM

ghrelin for the indicated times (0–30min). (b) Dose–response of
hGHSR-1a-mediated ERK1/2 activation. Cells serum-starved for
1 h were treated with various concentrations of ghrelin (0.01–
100 nM) for 5min. (c) Effect of adenosine on hGHSR-1a-mediated
ERK1/2 activation. Cells serum-starved for 1 h were treated with
vehicle (0.1% DMSO) or adenosine (100 mM) for 5min, before the
addition of ghrelin (100 nM, 5min). (d) Effect of a specific GHSR-1a
antagonist, D-Lys(3)-GHRP6, on hGHSR-1a-mediated ERK1/2
activation. Cells serum-starved for 1 h were then pretreated with
or without D-Lys(3)-GHRP6 (100 mM, 5min), before the addition of
ghrelin (100 nM, 5min). Cell extracts were prepared as described
under Methods, and analysed on 10% polyacrylamide gels. ERK1/2
phosphorylation (pERK1/2) was measured by immunoblotting with
phospho-ERK1/2 antibodies. Blots were stripped and reprobed with
ERK1/2 antibody (ERK1/2) as shown in the lower panels to control
for protein loading. All blots are representative of three or four
experiments with similar results.
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IPs production, intracellular Ca2þ mobilization and ERK1/2

activation. In binding, JMV 1843 had 55-fold weaker binding

affinity than ghrelin to the hGHSR-1a (IC50¼ 40 nM and

IC50¼ 0.7 nM respectively; Figure 4b). In contrast, in the tests

of second messenger activation, JMV 1843 and ghrelin

demonstrated similar potencies in the sub-nanomolar range

(EC50¼ 0.3 nM and EC50¼ 0.8 nM, respectively) (Figure 4c

and d). In other words, JMV 1843 demonstrated a higher

amplification effect than ghrelin, in that a complete occupancy

of its binding sites was not necessary to obtain the maximal

biological response. This phenomenon was also observed for

three GHSs: NN703 and Ipamorelin (Hansen et al., 1999) and

the nonpeptide L-692,429 (Holst et al., 2005). However, the

molecular mechanisms behind these observations remain unclear

(Kenakin, 2004; Holst et al., 2005). To determine whether this

amplification effect of JMV 1843 could also be observed on

ERK1/2 activation, cells expressing hGHSR-1a were treated

with JMV 1843. As shown in Figure 4e, for periods ranging from

0–60min, this compound induced a transient phosphorylation

of ERK1/2 that occurred as early as 2min after stimulation

and peaked between 5 and 10min. This activation was dose-

dependent and occurred in response to 1nM JMV 1843

(Figure 4f). These results are similar to values reported with

ghrelin. Thus, as observed with the second messager activation,

JMV 1843 induced ERK1/2 activation to a similar extent as

ghrelin despite its binding affinity for the hGHSR-1a being 100-

fold weaker. We then investigated the precise mechanisms

involved in hGHSR-1a-mediated ERK1/2 activation with ghrelin

and JMV 1843. The results reported below are only given for

ghrelin as these were similar to those obtained with JMV 1843.

Clathrin-dependent endocytosis is not a requirement for
ERK1/2 activation by hGHSR-1a

Recently, it has been reported that GHSR-1a internalized

principally by a clathrin-mediated mechanism (Camina et al.,

2004; Holst et al., 2004). On the other hand, it has also been

suggested that receptor internalization may be required for the

activation of the ERK1/2 cascades (Luttrell et al., 1997; Daaka

et al., 1998; Vogler et al., 1999) but this does not appear to be

the case for all GPCRs (Budd et al., 1999). To determine

whether internalization of hGHSR-1a is required for ERK1/2

activation, we tested whether hGHSR-1a-mediated ERK1/2

activation was sensitive to inhibitors of clathrin-mediated

endocytosis. The effects of three mechanistically distinct

inhibitors of clathrin-mediated endocytosis, Concanavalin

A (Con A), dynamins K44A, and dominant-negative

(DN) mutant of b-arrestins, were determined. Con A prevents

internalization of membrane-associated receptors by stabiliz-

ing the surface integrity due to tetravalent lectin contacts

(Toews et al., 1984; Pippig et al., 1995). Dynamins are

GTPases that bind to clathrin-coated pits and the point

mutant form of dynamins, K44A, is a dominant inhibitory

form of the wild type that inhibits vesicular endocytosis

(Damke et al., 1994). Similary, DN b-arrestin1318�418 and

DN b-arrestin2284�409 are truncated forms of b-arrestin 1 and

2, respectively, that inhibit the association of GPCRs with

clathrin-coated pits (Krupnick et al., 1997).

A 125I-labelled ghrelin-induced hGHSR-1a internalization

assay revealed that 75711% of hGHSR-1a was lost from the

cell surface, 20min after 125I-labelled ghrelin stimulation

(n¼ 3, Figure 5a). Pretreatment of cells with Con A reduced

the amount of ghrelin-induced hGHSR-1a internalization to

2175% (n¼ 3, Figure 5a). In agreement with two previous

studies performed in HEK-293 cells (Camina et al., 2004; Holst

et al., 2004), this result shows that the major route of hGHSR-

1a endocytosis in transiently transfected CHO cells is via

clathrin-coated vesicles. Immunoblotting analysis of whole-cell

homogenates from cells exposed to Con A before incubation

with ghrelin for 5min revealed that Con A did not block

hGHSR-1a-mediated ERK1/2 activation (Figure 5b). Co-

expression of dynamin 1/2 or DN dynamin 1/2 mutants, did

Figure 3 Localization and transcriptional role of hGHSR-1a-
mediated ERK1/2 activation, which is MEK1/2 dependent. (a)
Effects of the hGHSR-1a activation by ghrelin on the cellular
localization of phospho-ERK1/2. CHO cells were transiently
transfected with the plasmid encoding the hGHSR-1a-tagged GFP
and cells were grown on glass coverslip. Serum-starved cells were
then treated with vehicle (control), ghrelin (100 nM, 5 or 10min),
SVF (10%, 10min), or Uo126 (10mM, 1 h) before the addition of
ghrelin (100 nM, 5min). Cells were stained with anti-phosphospecific
ERK1/2 antibody together with Cy3-conjugated anti-rabbit IgG
before examination by fluorescent microscopy as described in
Methods. Each image depicts a representative fluorescent micro-
scopic image from one of three separate experiments. (b) Effects of a
MEK1/2 inhibitor on hGHSR-1a-mediated activation of ERK1/2.
Cells were preincubated for 1 h with vehicle (0.1% DMSO) or the
MEK inhibitor Uo126 (10 mM, prepared in DMSO) in serum-free
medium, before the addition of ghrelin (100 nM, 5min). Phosphory-
lated ERK1/2 (pERK1/2) and total ERK1/2 (ERK1/2) were
detected by immunoblotting described in Figure 2. This blot is
representative of three experiments with similar results. (c) To
analyse Elk1 activation, a reporter gene assay was used as described
in Methods. Cells were pretreated with the MEK inhibitor Uo126
(10 mM, prepared in DMSO) or vehicle (0.1% DMSO) for 30min
before stimulating with ghrelin (100 nM) for 8 h. Cells were then
lysed and luciferase activity measured. Data are expressed as fold
increase versus the basal values, obtained in the absence of ghrelin.
The results shown are a representative experiment. Values represent
mean7s.d. of triplicate determination. Similar results were obtained
from two other experiments.
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not affect hGHSR-1a-induced ERK1/2 activation (Figure

5c and d). Similarly, co-expression of b-arrestin 1/2 or DN

b-arrestin 1/2 mutants, did not affect hGHSR-1a-induced

ERK1/2 activation (Figure 5e and f). In parallel, Elk1 reporter

assays did not show any modification of Elk1 activation

induced by hGHSR-1a, in the presence of DN b-arrestins
mutants (data not shown). Overall, these results suggest that

while hGHSR-1a is internalized via clathrin-coated vesicles,

this internalization is not the main determinant for hGHSR-

1a-mediated ERK1/2 activation.

The hGHSR-1a-mediated ERK1/2 activation requires
Phospholipase C (PLC) but is independent of
PTX-sensitive G proteins, tyrosine kinase and the
PI3K pathway

The GHSR-1a belongs to the family of receptors operating via

the Gq-PLC pathway (Howard et al., 1996). The signalling

pathways linking Gq-protein-coupled receptors to ERK1/2

may involve at least three key players: transactivated receptor

tyrosine kinases (RTKs), PI3Ks and PLC.

Although GHSR-1a is coupled to Gq proteins for the

activation of PLCb, it is possible that GPCRs could couple

to different G proteins for different effector proteins. For

instance, the b2-adrenergic receptor, which is coupled to Gs to

activate adenylyl cyclase, is coupled to Gi for the activation of

ERK1/2 in HEK-293 cells (Daaka et al., 1997). Thus, to

exclude the possibility that activation by GHSR-1a involves

coupling to PTX-sensitive G proteins, Gi/o, we examined the

sensitivity of ghrelin-stimulated ERK1/2 phosphorylation

to PTX. PTX is known to catalyse ADP ribosylation of a
subunits in the Gi and Go subfamilies of heterotrimeric G

proteins, and this covalent modification prevents the Gi/o

proteins from interacting with receptors (Gilman, 1987).

Overnight treatment with PTX did not abolish the hGHSR-

1a-mediated ERK1/2 activation (Figure 6a). This result

Figure 4 In vitro biological activity of JMV 1843 in CHO cells transiently expressing hGHSR-1a. CHO cells were transiently
transfected with the plasmid encoding hGHSR-1a (30 mg/5� 106 cells). (a) Chemical structure of JMV 1843. (b) Competitive
displacement binding assay of the radiolabelled 125I-ghrelin was determined by incubation of membrane preparations from cells in
the presence of increasing amounts of ghrelin and JMV 1843. (c) Total IPs accumulated in cells incubated with ghrelin and JMV
1843 was determined as described under Methods and expressed as percentage of the maximal ghrelin effect. (d) Ghrelin and JMV
1843-induced calcium mobilization in cells was detected by a fluorometric imaging plate reader (FlexStation) assay as described
under Methods and expressed as percentage of the maximal ghrelin effect. Results illustrated in panels b–d are the mean7the
standard deviation (s.d.) of three to seven independent experiments, each performed in triplicate. (e) Time course of hGHSR-1a-
mediated activation of ERK1/2. Cells serum-starved for 1 h were then incubated in the presence of 100 nM JMV 1843 for the
indicated times (0–60min). (f) Dose–response of hGHSR-1a-mediated ERK1/2 activation. Cells serum-starved for 1 h were treated
with various concentrations of JMV 1843 (0–100 nM) for 5min. Cell extracts were prepared as described under Methods, and
analysed on 10% polyacrylamide gels. ERK1/2 phosphorylation (pERK1/2) was measured by immunoblotting with phospho-
ERK1/2 antibodies. Blots were stripped and reprobed with ERK1/2 antibody (ERK1/2) as shown in the lower panels to control for
protein loading. Blots are representative of three experiments with similar results.

D. Mousseaux et al Human GHSR-1a-mediated ERK1/2 activation 357

British Journal of Pharmacology vol 148 (3)



suggests that Gi/o proteins do not participate in hGHSR-1a-

mediated ERK1/2 activation.

ERK1/2 activation via transactivation of RTKs has been

described for certain Gq-protein coupled receptors, for

instance, the angiotensin 1 receptor in human mesangial cells

(Mondorf et al., 2000) and the bradykinin receptor in COS-7

cells (Gutkind, 1998; Adomeit et al., 1999). To establish

whether, in CHO cells, the hGHSR-1a-mediated activation of

ERK1/2 is via transactivation of RTKs, we measured the

ability of two broad-spectrum tyrosine kinase inhibitors,

genistein and tyrphostin 23, to block this ERK1/2 phosphor-

ylation. In addition, IGF-1 was used as a positive control. As

shown in Figure 6b and c, pretreatment with genistein or

tyrphostin 23 did not affect the hGHSR-1a-mediated ERK1/2

activation, but suppressed IGF-1-stimulated ERK1/2 activity

(Figure 6d). Furthermore, the cytoplasmic tyrosine kinase

c-Src has often been described to play an essential role up-

stream of receptor tyrosine kinase activation (Gutkind, 1998;

Luttrell et al., 1999). Therefore, we investigated the involve-

ment of Src using PP2, a selective inhibitor of Src tyrosine

kinases. PP2 did not affect the hGHSR-1a-mediated ERK1/2

activation more than the inactive analogue PP3 (Figure 6e).

Certain Gq-protein coupled receptors have also been

reported to activate ERK1/2 in a PI3K-dependent manner

(Seva et al., 1997; Graness et al., 1998). To determine whether

PI3Ks play a role in hGHSR-1a-mediated activation of

ERK1/2, a specific inhibitor of PI3Ks, wortmannin, was

used to pretreat the transfected cells before stimulation with

ghrelin. This pretreatment did not alter the ability of ghrelin

to stimulate ERK1/2 activity (Figure 6f), suggesting the

absence of PI3Ks involvement in ghrelin signalling to

ERK1/2, in CHO cells.

Many Gq-protein coupled receptor have been shown to

activate ERK via one or more PLC isoforms. The activated

PLC hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2)

to diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3),

which induces the activation of PKCs and the release of Ca2þ

from intracellular Ca2þ stores. To test whether PLC activation

was required for hGHSR-1a-mediated ERK1/2 phosphoryla-

tion, we used the pharmacological PLC inhibitor, U-73122

inhibiting both the hydrolysis of PIP2 to IP3 and the coupling

of G-protein-PLC activation (Bleasdale et al., 1990). As shown

in Figure 6g, the hGHSR-1a-mediated activation of ERK1/2

was inhibited by pretreatment with U-73122, but not by

U-73343, an inactive analogue. Together, these results suggest

that the hGHSR-1a-mediated ERK1/2 activation involves

PLC but is independent of tyrosine kinases, PI3Ks and

PTX-sensitive G proteins pathway.

hGHSR-1a-mediated ERK1/2 activation requires novel
PKC isoforms but not calcium

To further dissect the downstream pathways of PLC, the roles

of Ca2þ and PKCs in hGHSR-1a-mediated ERK1/2 activation

were investigated.

The requirement of intracellular Ca2þ was evaluated using

the cell-permeable Ca2þ chelator, BAPTA-AM. As shown in

Figure 7a, pretreatment of cells in Ca2þ -free medium with

BAPTA-AM, before stimulation with ghrelin, caused no

effect on hGHSR-1a-stimulated ERK1/2 activity. Using the

Ca2þ assay, we confirmed that 30min pretreatment with

BAPTA-AM was sufficient to completely block the increase in

Figure 5 Role of receptor endocytosis in hGHSR-1a-mediated
activation of ERK1/2 in CHO cells. (a) Effects of concanavalin A
(Con A) on ghrelin-induced receptor internalization. CHO cells were
transiently transfected with the plasmid encoding hGHSR-1a (30mg/
5� 106 cells). One day after transfection, cells were pretreated for 1 h
at 371C with vehicle (0.5% PBS) or an endocytosis inhibitor, Con A
(250mgml�1, prepared in PBS) in serum-free medium. Following
from this, 125I-ghrelin was incubated with the cells for 3 h at 41C, and
cells were then washed at 41C to remove the unbound radioligand.
To induce the internalization, cells treated with vehicle (0.5% PBS)
or Con A (250mgml�1) were then incubated at 371C for 20min. The
proportion of hGHSR-1a on the cell surface was calculated as
described under Methods. Data shown represent the mean7s.d. of
the percentage of radioactivity associated with the starting 125I-
ghrelin found (n¼ 3). (b) Effects of Con A on hGHSR-1a-mediated
ERK1/2 activation. hGHSR-1a-expressing CHO cells were preteated
for 1 h at 371C with vehicle (0.5% PBS) or Con A (250mgml�1,
prepared in PBS) in serum-free medium before stimulation with
ghrelin (100 nM, 5min). (c) Role of dynamin I on hGHSR-1a-
mediated ERK1/2 activation. CHO cells were transiently transfected
with hGHSR-1a (10mg) together with 20mg of empty pcDNA3
vector, wild-type dynamin I or DN dynamin I K44A. Cells, which
had been serum-starved for 1 h, were stimulated with ghrelin (100 nM,
5min), before determination of ERK1/2 activity. (d) Role of
dynamin II on hGHSR-1a-mediated ERK1/2 activation. CHO cells
were transfected and treated as above for dynamin I using wild-type
dynamin II or DN dynamin II K44A. (e) Role of b-arrestin 1 on
hGHSR-1a-mediated ERK1/2 activation. CHO cells were transfected
and treated as above for dynamin I using wild-type b-arrestin 1 or
DN b-arrestin 1319�418. (f) Role of b-arrestin 2 on hGHSR-1a-
mediated ERK1/2 activation. CHO cells were transfected and treated
as above for dynamin I using wild-type b-arrestin 2 or DN b-arrestin
2284�409. Phosphorylated ERK1/2 (pERK1/2) and total ERK1/2
(ERK1/2) were detected by immunoblotting as described in Figure 2.
All blots are representative of three experiments with similar results.
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intracellular Ca2þ concentration induced by ghrelin, in

hGHSR-1a expressing CHO cells (data not shown).

The involvement of PKC in the hGHSR-1a-mediated

ERK1/2 activation was tested using Gö6983, which inhibits

all PKC isoforms: the conventional (a, bI, bII, g) and the novel

(Z, y, d, e) groups as well as the atypical PKC isoforms (z, i/l)
with the exception of PKCm (Gschwendt et al., 1996). As

shown in Figure 7b, pretreatment of cells with Gö6983, before

stimulation with ghrelin, abolished the hGHSR-1a-stimulated

ERK1/2 activity. To determine which of these PKC groups

is involved in the hGHSR-1a-mediated ERK1/2 activation,

we first tested the PKC inhibitor Gö6976, which inhibits

conventional PKCs and PKCm (Martiny-Baron et al., 1993).

As shown in Figure 7c, pretreatment of cells with Gö6976,

before stimulation with ghrelin, did not block the hGHSR-1a-

mediated ERK1/2 activation. In connection with the insensiv-

ity to the (Ca2þ )i chelation (Figure 7a), these two results

exclude the involvement of both conventional PKCs which are

Ca2þ -sensitive enzymes and PKCm. The involvement of the

novel and atypical PKC isoforms was further tested by

depletion of endogenous PKCs with overnight phorbol ester

(PMA) pretreatment of cells. This treatment affects only PKCs

that contain the diacylglycerol/phorbol ester-binding domain

C1, such as the PKC isoforms of conventional and novel

groups as well as PKCm (Chen, 1993). It does not affect the

atypical PKC isoforms, which do not contain the C1 domain.

As shown in Figure 7d, hGHSR-1a-mediated ERK1/2 activa-

tion was suppressed by overnight PMA treatment, which

excludes the involvement of the atypical PKC group. Together,

these data suggest that one or more PKC isoforms from the

Figure 6 Roles of PTX-sensitive G proteins, tyrosine kinases, PI3-kinases and phospholipase C on hGHSR-1a-mediated activation
of ERK1/2. CHO cells were transiently transfected with the plasmid encoding hGHSR-1a (30 mg/5� 106 cells). (a) Effects of
pertussis toxin (PTX) treatment on hGHSR-1a-mediated activation of ERK1/2. Cells were pretreated overnight with or without
100 ngml�1 PTX. Cells serum-starved for 1 h were then stimulated with ghrelin (100 nM, 5min). (b) Effects of tyrosine kinases
inhibitors on hGHSR-1a-mediated activation of ERK1/2. Cells were preincubated for 1 h with vehicle (0.1% DMSO) or the tyrosine
kinase inhibitor tyrphostin 23 (Tyr. 23, 100 mM or 200mM, prepared in DMSO) in serum-free medium. Cells were then stimulated
with ghrelin (100 nM, 5min). (c) Cells were preincubated for 1 h with vehicle (0.1% DMSO) or the tyrosine kinase inhibitor genistein
(50mM, prepared in DMSO) in serum-free medium. Cells were then stimulated with ghrelin (100 nM, 5min). (d) Cells were
preincubated for 1 h with vehicle (0.1% DMSO) or the tyrosine kinase inhibitor genistein (50mM, prepared in DMSO) in serum-free
medium. Cells were then stimulated with 2 ngml�1 IGF-1 for 5min. (e) Cells were preincubated for 1 h with vehicle (0.1% DMSO)
or the c-Src kinase family-specific tyrphostin PP2 (1, 5 and 10 mM, prepared in DMSO) or PP3, an inactive homolog to PP2 (5 and
10 mM, prepared in DMSO) in serum-free medium. Cells were then stimulated with ghrelin (100 nM, 5min). (f) Effects of the PI3Ks
inhibitor on hGHSR-1a-mediated ERK1/2 activation. Cells serum-starved for 30min were then preincubated for 30min with vehicle
(0.1% DMSO) or the PI3Ks inhibitor wortmannin (Wort., 100 mM, prepared in DMSO) in serum-free medium. Cells were then
stimulated with ghrelin (100 nM, 5min). (g) Effects of the PLC inhibitor on hGHSR-1a-mediated activation of ERK1/2. Cells were
pretreated for 1 h with vehicle (0.1% DMSO) or the PLC inhibitor U-73122 (10 and 20 mM, prepared in DMSO) or U-73343, an
inactive homolog to U-73122 (10 and 20 mM, prepared in DMSO) in serum-free medium. Cells were then stimulated with ghrelin
(100 nM, 5min). Phosphorylated ERK1/2 (pERK1/2) and total ERK1/2 (ERK1/2) were detected by immunoblotting described in
Figure 2. All blots are representative of two to four experiments with similar results.
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group of novel PKCs are involved in this hGHSR-1a-mediated

ERK1/2 activation.

PKCe is involved in the hGHSR-1a-mediated ERK1/2
activation

CHO cells are known to constitutively express two novel

PKCs, the PKCd and the PKCe (Gschwendt et al., 1996; Shirai

et al., 2000). To confirm the involvement of novel PKCs and

identify which of these two PKC isoforms is involved in the

hGHSR-1a-mediated ERK1/2 activation, we examined the

effects on hGHSR-1a-mediated ERK1/2 activation, in cells

co-transfected with dominant-negative (DN) forms of these

two PKC isozymes (Louis et al., 2005). Our results showed

that the expression of DN PKCe partially inhibited the

hGHSR-1a-mediated ERK1/2 activation, whereas expression

of both the corresponding empty vector and the wild-type

PKCe had no effect (Figure 8a). In contrast, the expression

of DN PKCd, as well as the expression of DN form of the

conventional PKCa, which was used as a control, did not

block this ERK1/2 activation (Figure 8b and c). These results

show that PKCe, but not PKCd is involved in the hGHSR-1a-

mediated ERK1/2 activation in CHO cells.

Discussion

Recently, ghrelin-mediated ERK1/2 activation has been

reported in several cell lines or primary cell cultures. However,

there is controversy about whether the GHSR-1a receptor is

the sole receptor for ghrelin or just one of a group of receptors

for this ligand. For example, several studies have suggested the

presence of a novel, as yet unidentified subtype of the ghrelin

receptor, distinct from the GHSR-1a, which is capable of

binding both des-acylated and acylated ghrelin forms, in a

variety of tissues and cell lines (Cassoni et al., 2001; Baldanzi

et al., 2002; Ghe et al., 2002; Bedendi et al., 2003). Moreover,

des-acyl-ghrelin has been reported to induce ERK1/2 activa-

tion in cell lines, which express GHSR-1a (Nanzer et al., 2004)

and in those that do not express GHSR-1a (Baldanzi et al.,

2002). In addition, ghrelin-mediated ERK1/2 activation was

observed in a cell line where GHSR-1a was not detectable

(Baldanzi et al., 2002).

Therefore, as the involvement of GHSR-1a in the activation

of ERK1/2 is unclear, we studied whether GHSR-1a mediates

ERK1/2 activation using a cellular model expressing exclu-

sively the GHSR-1a and, we have then characterized the

signalling machinery involved.

In agreement with several groups (Camina et al., 2004; Van

Craenenbroeck et al., 2004), no specific binding of ghrelin was

observed on untransfected CHO cells, indicating that these

cells are naturally devoid of the endogenous ghrelin receptor.

Moreover, CHO cells express endogenously Gq, Gi/o and Gs

proteins (Martin et al., 2004), including the Gq/11 protein

(Cussac et al., 2002), which has been shown to be coupled to

GHSR-1a (Howard et al., 1996). In the present study, we have

shown that the transient expression of hGHSR-1a in CHO

cells conferred pharmacological properties, measured by

radioligand binding, IPs production or Ca2þ mobilization

assays, similar to those previously reported in primary cell

cultures expressing endogenously the GHSR-1a (Mau et al.,

1995; Kojima et al., 1999; Yamazaki et al., 2004).

In this study, we provided evidence that competitive agonist

of ghrelin induced the hGHSR-1a-mediated ERK1/2 activa-

tion, in a time-dependent and concentration-dependent man-

ner, which correlated with the affinity of ghrelin for its

receptor. Once activated, ERK1/2 may phosphorylate numer-

ous plasma membrane, cytosolic and cytoskeletal substrates

(Pearson et al., 2001). In addition, activated ERK1/2 usually

translocate to the nucleus where they activate transcription by

phosphorylating nuclear transcription factors, such as the ETS

family protein Elk-1 and ERF, leading to enhanced transcrip-

tion of multiple genes (Pearson et al., 2001; Le Gallic et al.,

2004). The analysis of Elk-1 activation is classically used to

study biological events involving ERK1/2 phosphorylation

Figure 7 Role of calcium and protein kinase C on hGHSR-1a-
mediated activation of ERK1/2. CHO cells were transiently
transfected with the plasmid encoding hGHSR-1a (30mg/5� 106

cells). (a) Effects of a calcium sequestrant on hGHSR-1a-mediated
ERK1/2 activation. Cells were serum-starved for 30min, then
pretreated for 30min with vehicle (0.1% DMSO) or the calcium
sequestrant BAPTA-AM (50mM, prepared in DMSO) in medium
which was both calcium- and serum-free. Cells were then stimulated
with ghrelin (100 nM, 5min). (b) Effects of the PKC-specific
inhibitor, Gö6983, on hGHSR-1a-mediated activation of ERK1/2.
Cells serum-starved for 30min were then pretreated for 30min with
vehicle (0.1% DMSO) or Gö6983 (1–10 mM, prepared in DMSO) in
serum-free medium before stimulation with ghrelin (100 nM, 5min).
(c) Effects of the PKC subtype-specific inhibitor, Gö6976 on
hGHSR-1a-mediated activation of ERK1/2. Cells serum-starved
for 30min were then pretreated for 30min with vehicle (0.1%
DMSO) or Gö6976 (5 mM, dissolved in DMSO) in serum-free
medium before stimulation with ghrelin (100 nM, 5min). (d) Effects
of phorbol ester (PMA)-induced PKC depletion on hGHSR-1a-
mediated activation of ERK1/2. Cells were preincubated overnight
(O/N) with vehicle (0.1% DMSO) or PMA (1 mM, prepared in
DMSO). Cells serum-starved for 1 h were then treated with ghrelin
(100 nM, 5min). Phosphorylated ERK1/2 (pERK1/2) and total
ERK1/2 (ERK1/2) were detected by immunoblotting as described
in Figure 2. All blots are representative of two to four experiments
with similar results.
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and PI3K activation, for example in the study of the ghrelin-

induced cell proliferation of hepatoma cells (Murata et al.,

2002). In the present study, we observed cytoplasmic

and nuclear accumulation of phosphorylated ERK1/2 and

activation of the Elk1 transcriptional factor. Elk-1 can be

activated by several kinases other than ERK1/2, for example,

JNK and p38 kinases. Under our experimental conditions,

the full inhibiting effect of the selective MEK1/2 inhibitor,

as well as the absence of p38 and JNK kinases activation

observed by Western blotting using corresponding phospho-

antibodies (data not shown), suggested that the activation

of Elk-1 by ghrelin was mediated via a MEK1/2-ERK1/2

pathway.

This hGHSR-1a-mediated ERK1/2 activation was also

stimulated by compound JMV 1843 the only orally

administered peptidomimetic GHS currently in clinical

development.

As ghrelin and JMV 1843 were able to induce ERK1/2

activation through hGHSR-1a, we decided to identify the

putative signalling mediators involved in ERK1/2 activation

using various specific inhibitors and dominant-negative

mutants. In the present study, we have shown evidence that

the hGHSR-1a-mediated ERK1/2 activation was independent

of PTX-sensitive G proteins, tyrosine kinases including Src

family kinases, PI3Ks and clathrin-mediated hGHSR-1a

internalization in CHO cells.

It has been shown that ghrelin mediated ERK1/2 activation

in 3T3-L1 adipocytes via PTX-sensitive proteins, Gi/o (Kim

et al., 2004), but the presence of GHSR-1a in these cell lines

has been debated (Zhang et al., 2004). According to our model,

in CHO cells, the hGHSR-1a-mediated ERK1/2 activation is

not attenuated by PTX pretreatment, excluding the involve-

ment of Gi/o proteins in ERK1/2 activation. This result

suggests that hGHSR-1a may mediate ERK1/2 activation by

Gq in CHO cells, but other PTX-insensitive mechanisms (e.g.

via G12/13 proteins or G protein-independent coupling) remain

to be explored.

Several lines of evidence suggest a role for tyrosine kinases

downstream from Gq-coupled receptors, in ERK1/2 activa-

tion. A least three distinct classes of tyrosine kinases may

be involved: the Src family non-receptor kinases, the focal

adhesion kinase (FAK) family, or the transactived RTKs,

including the EGF and PDGF receptors. Moreover, several

studies have proposed a central role for Src kinases in linking a

variety of GPCRs expressed in different cell backgrounds, to

ERK1/2 activation (Gutkind, 1998; Adomeit et al., 1999). For

example, Src kinase activity may play a ‘downstream’ role

from both FAK tyrosine kinases and transactivated RTKs and

also, an ‘upstream’ role in GPCR-induced RTK transactiva-

tion (Eguchi et al., 1998). In the present study, three different

inhibitors of tyrosine kinases, genistein, tyrphostin 23 and PP2,

which are two broad-spectrum inhibitors of tyrosine kinases

and a specific inhibitor of Src tyrosine kinases respectively, did

no affect the hGHSR-1a-mediated ERK1/2 activation in CHO

cells. This suggests the lack of importance of these kinases in

signalling from hGHSR-1a.

PI3Ks are also common factors involved in GPCR-mediated

ERK1/2 activation. The PI3Kg isoform may be stimulated

by Gbg from Gi proteins but also by Gq (Seva et al., 1997;

Graness et al., 1998). In addition, the dimeric p85/p110

PI3K isoforms a and or b, which are known as target

enzymes of RTKs, may also be activated via GPCRs with-

out prior RTK transactivation (Kurosu et al., 1997). The

inability of the specific PI3K inhibitor, wortmannin, to affect

the hGHSR-1a-mediated ERK1/2 activation in CHO cells,

argues against the involvement of PI3Ks in this ghrelin-

stimulated signalling.

Within the last decade, several studies have shown that

for some receptors, GPCR internalization is necessary for

ERK1/2 activation (Daaka et al., 1998; Vogler et al., 1999;

Pierce et al., 2000). However, internalization-independent

activation of ERK1/2 has also been documented for a number

of receptors (Budd et al., 1999; Li et al., 1999). Recently two

different groups have published results showing that GHSR-1a

internalises via clathrin-coated pits both in CHO and HEK293

cells (Camina et al., 2004; Holst et al., 2004). We decided to

test the relationship between GHSR-1a internalization and

Figure 8 PKCe but not PKCd is involved in hGHSR-1a-mediated
activation of ERK1/2. (a) CHO cells were transiently transfected
with plasmid encoding hGHSR-1a (10mg) together with 20 mg of
empty pEGFP-N1 vector, wild-type PKCe-GFP or c-myc-tagged
DN PKCe. Cells, which had been serum-starved for 1 h were
stimulated with ghrelin (100 nM, 5min). (b) CHO cells were
transiently transfected with plasmid DNA encoding hGHSR-1a
(10 mg) together with 20 mg of empty pEGFP-N1 vector, wild-type
PKCd-GFP or c-myc-tagged DN PKCd. Cells that had been serum-
starved for 1 h were stimulated with ghrelin (100 nM, 5min). (c)
CHO cells were transiently transfected with plasmid DNA encoding
hGHSR-1a (10 mg) together with 20 mg of empty pEGFP-N1 vector,
wild-type PKCa-GFP or c-myc-tagged DN PKCa. Cells, which had
been serum-starved for 1 h, were then stimulated with ghrelin
(100 nM, 5min). Phosphorylated ERK1/2 (pERK1/2) and total
ERK1/2 (ERK1/2) were detected by immunoblotting as described
in Figure 2. The expression level of the different PKC isoforms
was revealed by probing the western blot with anti-PKCa, d or e
antibodies. All blots are representative of three experiments with
similar results.
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ERK1/2 regulation in our model. We used three independent

experimental strategies to inhibit recruitment to clathrin-

coated pits: DN dynamins, DN b-arrestins and Con A

treatment. In all three cases, there was no effect on hGHSR-

1a-mediated ERK1/2 activation, suggesting that clathrin-

mediated hGHSR-1a internalization was not required for

activation of ERK1/2 in CHO cells.

Recently, the roles of b-arrestins, signal-terminating pro-

teins known to be involved in internalization, desensitiza-

tion and resensitization, have been extended. b-arrestins
have been shown to be required for scaffolding complexes

containing internalized GPCRs and are involved in the

activation and subcellular localization of ERK1/2, leading

to the cytosolic retention of pERK1/2 and thus they cannot

elicit a transcriptional response (Tohgo et al., 2002; Tohgo

et al., 2003). According to our study, b-arrestins neither

mediated ERK1/2 phosphorylation, nor affected the Elk1

transcriptional response elicited by ghrelin using a reporter

gene assay.

In contrast, we provided several lines of evidence indicating

that ERK1/2 activation is related to PLC and novel PKCe.
Using U-73122, a PLC inhibitor, we found that the PLC

pathway was necessary for hGHSR-1a-mediated ERK1/2

activation in CHO cells. PLC activation resulted in the

cleavage of PIP2 into DAG, an activator of PKCs, and IP3,

a Ca2þ -mobilizing second messenger. The free Ca2þ can

activate calmodulin (CaM) II, which further phosphorylates

and inhibits Ras-GTPase-activating protein, and induces Ras

and MAPK activation (Farnsworth et al., 1995; Chen et al.,

1998). In addition to its role in CaM kinase II activation, Ca2þ

and DAG together can activate either PKC, or can lead to

MAPK activation by a specific Ca2þ /DAG-GEF and Ras

activation (Farnsworth et al., 1995; Chen et al., 1998).

However, in the present study, the hGHSR-1a linkage to

ERK1/2 was Ca2þ -independent. In contrast, we found that the

PKC pathway was involved. CHO cells are known to

constitutively express two conventional PKCs (a, g), which

are dependent on Ca2þ and are activated by DAG or PMA,

two novel PKCs (d, e) and PKCm, which are also activated by

DAG or PMA but are Ca2þ -independent, and one atypical

PKC (z), which is Ca2þ -independent and does not respond to

DAG or PMA (Tippmer et al., 1994; Shirai et al., 2000). From

the results of our study, the PKCs involved in the hGHSR-1a-

mediated ERK1/2 activation are Ca2þ -insensitive and insensi-

tive to the conventional PKC inhibitor Gö6976. Moreover,

they are sensitive to both PMA and the PKC inhibitor

Gö6983. This suggested that only the novel PKC isoforms d
and e could potentially play a critical role. To study which of

these two novel PKC isoforms might be involved, we used the

co-expression of wild-type or DN forms of PKCd and PKCe.
Our results showed that the hGHSR-1a-mediated ERK1/2

activation was only PKCe-dependent in CHO cells.

Although it is possible that the signalling pathway may be

different in other cellular backgrounds (Dumont et al., 2001),

it seems likely that the peripheral and central biological events

regulated by the hGHSR-1a, may depend not only on changes

in IPs and Ca2þ , but also on the regulation of the ERK1/2

pathway. In this regard, it has been shown that ghrelin

influences the expression of the transcription factor Pit-1

(responsible for the somatotroph cell-specific expression of the

GH gene) via rat GHSR-1a and MEK1/2 (Garcia et al., 2001)

but this issue remains controversial (Chan et al., 2004). In

summary, our results suggest that in the CHO expression

model, the hGHSR-1a controls ERK1/2 activity via a

signalling pathway involving the activation of PLC and PKCe,
and activates the Elk1 transcriptional factor, suggesting the

induction of transcriptional events by ghrelin through

hGHSR-1a.
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