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Adrenocorticotropin hormone (ACTH) exerts trophic effects on adrenocortical cells. We studied the phos-
phorylation of mitogen-activated proteins kinases (MAPKs) in human embryonic kidney cells stably
expressing the ACTH receptor, MC2R, and its accessory protein MRAP� and in primary cultures of human
adrenal fasciculata cells. ACTH induced a maximal increase in p44/p42mapk and of p38 MAPK phosphoryla-
tion after 5 min. Neither the overexpression of wild-type arrestin2, arrestin3 or their respective dominant
negative forms affected p44/p42mapk phosphorylation. However, preincubation with the recycling

mapk

drenocorticotropin hormone (ACTH)
elanocortin 2 receptor (MC2R)
C2R accessory protein (MRAP)
itogen-activated protein kinases (MAPKs)

AMP
rrestin

inhibitors brefeldin A and monensin attenuated both cAMP accumulation and p44/p42 phospho-
rylation proportionally. Cyclic AMP-related PKA inhibitors (H89, KI(6–22)) and Rp-cAMPS decreased
p44/p42mapk phosphorylation but not ACTH-mediated cAMP production. The selective Epac1/2 activa-
tor, 8-pCPT-2′-O-MecAMP, did not modify the effect of ACTH. Thus, cAMP/PKA, but not cAMP/Epac1/2
pathways, or arrestin-coupled internalization of MC2R is involved in ACTH-induced p44/p42mapk phos-
phorylation by human MC2R. Together, ACTH binding to MC2R stimulates PKA-dependent p44/p42mapk
phosphorylation.

. Introduction

Adrenocorticotropin hormone (ACTH) is the major regulator
f the adrenal cortex, having acute and chronic effects on steroid

ynthesis and secretion (Xing et al., 2010; Gallo-Payet and Payet,
003; Sewer and Waterman, 2003; Forti et al., 2006). Although
alcium and cytoskeleton-associated proteins participate in
he effect of ACTH, the initial and most significant actions are

Abbreviations: DAPI, 4′ ,6′-diamino-2-phenylindole dihydrochloride; ACTH,
drenocorticotropin hormone; Rp-cAMPS, adenosine-3-5-cyclic monophospho-
othioate, Rp isomer; BFA, brefeldin A; Epac, exchange protein directly activated
y cAMP; ERK, extracellular regulated receptor kinase; ECL, enhanced chemilumi-
escence; FBS, fetal bovine serum; FRT, Flp recombinase-mediated target site; FSK,

orskolin; GPCR, G protein-coupled receptors; HEK, human embryonic kidney; IBMX,
sobutyl 3-methylxanthine; MRAP, MC2R accessory protein; MC2R, melanocortin

receptor; MEM Eagle’s medium, Minimum Essential Medium; MAPKs, mitogen-
ctivated kinases; JNKs/stress-activated protein kinases, p54 c-Jun NH2-terminal
inases; PMA, phorbol 12-myristate 13-acetate; PKA, protein kinase A.
∗ Corresponding author at: Service d’Endocrinologie, Département de Médecine,

aculté de Médecine et des Sciences de la Santé, Université de Sherbrooke, 3001,
2e Ave Nord, Sherbrooke, Québec, Canada J1H 5N4. Tel.: +1 819 564 5243;
ax: +1 819 564 5292.
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mediated through cAMP and subsequent activation of protein
kinase A (PKA) (Penhoat et al., 2001; Gallo-Payet and Payet,
2003).

Over the past several years, a role for mitogen-activated protein
kinases (MAPKs) has also been suggested. This family of pro-
teins includes the extracellular-signal-regulated kinases, ERK1/2
(p44/p42mapk), the p38 MAPKs and the p54 c-Jun NH2-terminal
kinases (JNKs/stress-activated protein kinases) (Houslay and Kolch,
2000). However, published results in adrenocortical cells have been
somewhat conflicting. Indeed, in the Y1 adrenocortical cell line,
which exhibits properties resembling that of zona fasciculata cells
(Lotfi et al., 1997; Le and Schimmer, 2001) and in H295R cells, a
cell line corresponding more to zona glomerulosa cells (Janes et al.,
2008), ACTH has been shown to stimulate p44/p42mapk phosphory-
lation. In another study, Watanabe et al. (1997) rather observed an
increase in JNK activity, whereas p44/p42mapk phosphorylation was
inhibited in response to ACTH, both in the adrenal cortex in vivo and
in the Y1 adrenocortical cell line. Finally, in bovine and rat adreno-
cortical cells, Chabre et al. (1995) as well as Gallo-Payet et al. (1999)

mapk
have shown that ACTH does not stimulate p44/p42 activity
under conditions where Ang II is effective. These latter findings
are in agreement with prior observations in which p44/p42mapk

immunoreactivity was distributed throughout the zona glomeru-
losa (and in the medulla), but was not detectable (at least in basal

dx.doi.org/10.1016/j.mce.2010.12.030
http://www.sciencedirect.com/science/journal/03037207
http://www.elsevier.com/locate/mce
mailto:Nicole.Gallo-Payet@USherbrooke.ca
dx.doi.org/10.1016/j.mce.2010.12.030
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onditions) in the zona fasciculata and reticularis. Under ACTH
timulation, ERK1 (p44mapk), but not ERK2 (p42mapk) was increased
n zona glomerulosa, but not in the inner zones (McNeill et al.,

005).

Furthermore, while MAPK activation by ACTH has been found
n adrenocortical cells, the mechanisms involved in this activation
re not yet clearly established. Indeed, in the Y1 cell line, cAMP
nd PKA are not responsible for the activation of p44/p42mapk

ig. 1. Time-course and dose-dependent effect of ACTH on the phosphorylation of p44/p4
ells were transiently transfected with MC2R or MRAP� alone or with both MC2R and M
ontaining equal amounts of protein (30 �g) were subjected to Western blot analyses w
lots). Lower panels represent the same blots reprobed for total p44/p42 MAPK (n = 2). (B)
CTH for intervals ranging from 1 to 60 min, or for 5 min in the presence of 20 �M PD980
y densitometry. (D) Cells were stimulated with various concentrations of ACTH ranging
ffects on p44/p42mapk phosphorylation. All data represent the mean ± S.E.M. of 3 differe
he absence or presence of 100 nM ACTH for intervals ranging from 1 to 60 min, or for 5 m
docrinology 336 (2011) 31–40

as the effect was not mimicked by forskolin and not modified in
PKA-deficient cells (Lotfi et al., 1997). In H295R cells, p44/p42mapk

stimulation by ACTH appears to depend on receptor internalization,

although identification of the signaling pathways involved is far
from being established (Janes et al., 2008). As for many G protein-
coupled receptors (GPCR), previous studies have shown that after
ACTH binding, MC2R is desensitized and internalized, both in the
Y1 cell line (Baig et al., 2001, 2002) and in M3 cells expressing

2mapk in stable HEK cells (A–E) and in human fasciculata cells (F). (A) Native 293/FRT
RAP�. Cells were stimulated with 100 nM ACTH for 0, 5, 15 or 30 min. Cell lysates
ith antibodies against phosphorylated p44/p42mapk (P-p44/p42) (upper panels of

Two-day cultured cells were stimulated in the absence or in the presence of 100 nM
59 (a MEK inhibitor). (C) Time-course of p44/p42mapk phosphorylation as analyzed
from 0.001 to 100 nM for 5 min. (E) Densitometric analysis of the dose–response

nt experiments. (F) Three-day cultured human fasciculata cells were stimulated in
in in the presence of 20 �M PD98059 (n = 2).
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C2R (Kilianova et al., 2006) as well as in human embryonic kid-
ey (HEK) cells stably transfected with the ACTH receptor, MC2R,
nd with its MC2R accessory proteins MRAPs (unpublished data).
hese studies have established that MC2R and arrestins are colocal-
zed during ACTH-induced internalization (Kilianova et al., 2006).
esensitization and internalization are indeed known to be coupled

o activation of the MAPK pathways (Ferguson, 2001; Shenoy and
efkowitz, 2003). On the other hand, evidence also suggests that
AMP itself may serve as a stimulus (for the Rap1/B-raf cassette of
ignaling) or inhibitor (for the Ras/Raf-1 cassette of signaling) of
44/p42mapk phosphorylation and activation (Houslay and Kolch,
000).

Since the discovery of MC2R accessory proteins, MRAPs
Metherell et al., 2005), much progress has been achieved in the
rea of regulation of MC2R expression and function (Hinkle and
ebag, 2009; Webb and Clark, 2010). In recent years, our labo-
atory has developed and characterized a cell line system which
ully reproduces dose–response curves of ACTH-induced cAMP pro-
uction similar to that described in primary cultures of human
nd rat adrenocortical cells (Gallo-Payet and Escher, 1985; Gallo-
ayet et al., 1996; Roy et al., 2007). This model relies on the

table coexpression of a single cytomegalovirus promoter-driven
opy of Myc-tagged MC2R and Flag-tagged MRAP isoforms MRAP�
r MRAP� in human embryonic kidney (HEK) cells using Flp
ecombinase-mediated genome integration in the native 293/FRT
ost cells (Roy et al., 2007, 2010).

ig. 2. Time-course and dose-dependent effect of ACTH on the phosphorylation of p38 M
ere stimulated in the absence or in the presence of 100 nM ACTH for intervals ranging

ubjected to Western blot analyses with antibodies against phosphorylated p38 MAPK (u
APK. (B) Cells were stimulated with various concentrations of ACTH ranging from 0.00

f 100 nM ACTH for intervals ranging from 1 to 60 min. Cell lysates containing equal am
gainst phosphorylated p54/p46 JNK (upper panels of blots). Lower panels represent th
NK phosphorylation as analyzed by densitometry. (E) Densitometric analysis of the dos

ean ± S.E.M. of 3 different experiments.
docrinology 336 (2011) 31–40 33

Thus, the aims of the present study were to compare time-
and concentration-dependent effects of ACTH on MAPK phospho-
rylation in 293/FRT/Myc-MC2R/MRAP�-Flag cells and in primary
cultures of human fasciculata cells and to investigate whether
p44/p42mapk phosphorylation is dependent on cAMP production
and/or on desensitization and internalization of the MC2R.

2. Materials and methods

2.1. Materials

The chemicals used in the present study were obtained from the follow-
ing sources: Minimum Essential Medium (MEM Eagle’s medium), OPTI-MEM
and fetal bovine serum (FBS) and the Flp recombinase-mediated homologous
recombination system (Flp-InTM) were from Invitrogen (Burlington, ON, Canada);
high glucose DMEM was from Wisent (St-Jean-Baptiste, QC, Canada). ACTH-
(1–24) peptide (Cortrosyn) was purchased from Organon (Toronto, Canada). Ang
II was from Bachem (Marina Delphen, CA); phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) 13.14.4E XPTM rabbit mAb, total p44/42 MAPK (Erk1/2) (137F5)
rabbit mAb, phospho-p38 MAPK (Thr180/Tyr182) antibody, p38 MAPK anti-
body, phospho-SAPK/JNK (Thr183/Tyr185) (81E11) rabbit mAb, phospho-SAPK/JNK
(Thr183/Tyr185) antibody, total SAPK/JNK antibody, horseradish peroxidase-
conjugated anti-rabbit and anti-mouse antibodies were from New England Biolabs,
Inc. (Mississauga, Ont, Canada). Alexa-Fluor coupled secondary antibodies were

from Invitrogen. The enhanced chemiluminescence (ECL) detection system was from
GE Healthcare (Baie d’Urfe, Quebec, Canada); PhoSTOP phosphatase inhibitor cock-
tail was from Roche (Laval, QC, Canada); 8-pCPT-2′-O-Me-cAMP, Rp-cAMPS and
Sp-cAMPS were from Biolog Life Science Institute (Bremen, Germany); PKI(6–22)
was purchased from EMD Chemicals (Gibbstown, NJ). Forskolin, ACTH (amino
acids 1–39), isobutyl 3-methylxanthine (IBMX), phorbol 12-myristate 13-acetate

APK in stable 293/FRT/Myc-MC2R/MRAP�-Flag cells. (A) Three-day cultured cells
from 1 to 60 min. Cell lysates containing equal amounts of protein (30 �g) were

pper panels of blots). Lower panels represent the same blots reprobed for total p38
1 to 100 nM for 5 min. (C) Cells were stimulated in the absence or in the presence
ounts of protein (30 �g) were subjected to Western blot analyses with antibodies
e same blots reprobed for total p54/p46 JNK. (D) Time-course of p38 MAPK and
e–response effects on p38 MAPK and JNK phosphorylation. All data represent the
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Results are presented as mean ± S.E.M. of the number of experiments indicated
in parentheses, with each sample conducted in duplicate or triplicate. GraphPad
Prism 5.0 (GraphPad Software, San Diego, CA) was used for establishing EC50, 95%
confidence interval, maximal effects and other related parameters. p-Values on data

Fig. 3. Comparison of ACTH- and phorbol 12-myristate 13-acetate (PMA)-mediated
effects on p44/p42mapk phosphorylation. (A) Two-day cultured cells were stimu-
lated in the absence or in the presence of ACTH (0.001, 0.01 and 100 nM), 10 �M
forskolin (FSK) or 1 �M phorbol 12-myristate 13-acetate (PMA). Cell lysates con-
taining equal amounts of protein (30 �g) were subjected to Western blot analyses
with antibodies against phosphorylated p44/p42mapk (P-p44/p42) (upper panels
of blots). Lower panels represent the same blots reprobed for total p44/p42mapk.
(B) Two-day cultured cells were stimulated in the absence or in the presence
of 100 nM ACTH, 10 �M forskolin (FSK) or 1 �M phorbol 12-myristate 13-acetate
(PMA). Cyclic AMP accumulation was measured as described in Section 2 (B). (C and
D) P44/p42mapk phosphorylation evidenced by immunofluorescence microscopy in
stable 293/FRT/Myc-MC2R/MRAP�-Flag cells (C) and in human fasciculata cells (D).
Cells were cultured on poly-l-lysine glass coverslips for 24 h, then incubated in
the absence or in the presence of 100 nM ACTH for 5 or 15 min with 1 �M phor-
bol 12-myristate 13-acetate (PMA). After washing and fixation in MeOH, labeling of
4 S. Roy et al. / Molecular and Cell

PMA), PD98059, SB203580, SP600125, monensin and brefeldin A (BFA) were
rom Sigma–Aldrich (Oakville, ON, Canada). All other chemicals were of A-grade
urity.

.2. Cell cultures

The Flp recombinase-mediated homologous recombination system (Flp-InTM)
as used to generate human embryonic kidney 293/FRT (Flp recombinase target

ite) cell lines stably expressing both Myc-MC2R and MRAP�-Flag. Cell culture
nd characterization of these cell lines have been described previously (Roy
t al., 2007). Only when required, cells were transfected with 0.5 �g/35 mm dish
t 50% confluency with plasmid DNA coding for arrestins with Lipofectamine
nd PLUS reagent. To maintain similar transcriptional and translational activity
hen required, transfection of pEGFP was used as a control instead of an empty

ector.
Human adult adrenal glands were obtained from renal transplant donors,

hrough collaboration with the Quebec-Transplant Association. This project was
pproved by our institution’s Human Subject Review Committee. Isolation and
issociation of cells from zona fasciculata were performed in MEM, as described
reviously (Côté et al., 2001). After a 20 min incubation at 37 ◦C with collagenase
2 mg/ml) and deoxyribonuclease (25 �g/ml), cells were disrupted by gentle aspira-
ion, centrifuged (10 min at 100 × g) and cell pellets were resuspended in OPTI-MEM
upplemented with 2% fetal bovine serum, 100 U/ml penicillin and 100 g/ml strep-
omycin. Cells were cultured in 35 mm Petri dishes at a concentration of 3–5 × 105

ells/dish and cultured at 37 ◦C in a humidified atmosphere (95% air with 5% CO2).
he culture medium was changed 24 h after initial addition of the medium, and cells
ere used after 2 days of culture for short term stimulation without or with ACTH,

n the absence or presence of various compounds introduced 30 min prior to ACTH
timulation.

.3. Measurement of p44/p42mapk activity

Cells were starved in DMEM without FBS 30 min before ACTH stimulation. At the
nd of incubation, cells were washed once with ice-cold PBS and lysed in 1× lysis
uffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Tri-
on X-100, 2.5 mM Na pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4,
�g/ml leupeptin and 1.5× PhoSTOP phosphatase inhibitor). The lysates were cen-

rifuged 10 min at 12,000 × g at 4 ◦C, after which supernatants were aliquoted and
tored at −80 ◦C. Five to 20 �g of samples were loaded into 10% bis-acrylamide
els in reducing SDS-PAGE conditions. Proteins were transferred onto nitrocellu-
ose membranes, and probed with antibodies against the phosphorylated forms of
44/p42-, p38- or JNK-MAPK in 5% BSA TBS–Tween 0.05% and detected with HRP-

inked secondary antibodies and ECL. Membranes were then stripped in 0.4 N NaOH
n TBS–Tween and reblotted against the un-phosphorylated forms of the proteins
f interest.

.4. Fluorescent detection of p44/p42mapk

Cells were cultured on poly-l-lysine glass coverslips placed in 35 mm dishes
nd were starved for 30 min with fresh DMEM one day later. The cells were then
timulated without or with 100 nM ACTH for 5 min or with 1 �M PMA for 15 min.
fter washing with PBS and fixation in MeOH, labeling for p44/p42mapk phospho-
ylation was performed overnight using phospho-p44/p42mapk (Thr202/Tyr204)
D13.14.4E) XPTM rabbit mAb (1:200) diluted in PBS containing 5% BSA. Indirect
etection was performed using an anti-rabbit antibody coupled to Alexa-Fluo488.
ubsequently DAPI was used to stain the nuclei. Images were recorded on an
lympus Fluoview 1000 (FV1000) laser-scanning confocal microscope (Olym-
us, Japan) built around an IX81-ZDC inverted microscope fitted with a U Plan
-Apo 60× (1.35 NA) oil immersion objective (Olympus URFL-T, MAG Biosys-
ems). Emissions from each fluorophore were acquired sequentially to avoid
uorophore bleeding. Images were acquired with the exact same laser power
nd HV settings and fluorescence from PMA-treated cells which was consid-
red as the maximal signal without saturation. All images were magnified 2–3
imes in Photoshop CS3 (Adobe Systems Inc.). Of note, the very bright spots
bserved in human fasciculata cells are non-specific and represent autofluores-
ence.

.5. Measurement of cAMP accumulation

For cAMP measurements, cells were loaded with tritiated adenine. Briefly, cells
ere washed once in Hank’s buffered saline (130 mM NaCl, 3.5 mM KCl, 1.8 mM
aCl2, 0.5 mM MgCl2, 2.5 mM NaHCO2, 5 mM HEPES, pH 7.4, containing 1 g/l dex-

rose and 0.1% BSA) and subsequently stimulated with ACTH, in the presence of
he phosphodiesterase inhibitor IBMX (iso-butyl-3-methyl-xanthine), at 37 ◦C. At
he end of the stimulations, cells were lysed in 5% trichloroacetic acid (TCA), and
ntracellular cAMP accumulation was determined by measuring the conversion of
3H]-ATP into [3H]-cAMP eluted from Dowex and neutral alumina chromatography
olumns as described previously (Roy et al., 2007).
docrinology 336 (2011) 31–40

2.6. Data analysis
phosphorylated (P-p44/p42) was performed overnight using phospho-p44/p42mapk,
followed by DAPI staining to label the nuclei as detailed in Section 2. The indirect
detection of phosphorylated p44/p42mapk was performed using an anti-rabbit anti-
body coupled to Alexa-Fluo488. Images were recorded on an Olympus Fluoview
1000 (FV1000) laser-scanning confocal microscope. Data represent two experi-
ments, with at least 6 cells examined in each condition. Scale bar, 10 �M.
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ts were obtained with the extra sum-of-squares F test performed on curve fits.
tatistical analysis was performed by ANOVA followed by Bonferonni’s post hoc
est.

. Results

.1. Effect of ACTH on p44/p42mapk and on p38 MAPK
hosphorylation in HEK cells and in human fasciculata cells

To assess whether ACTH-induced p42/p44mapk phosphoryla-
ion was specific to the presence of a functional ACTH receptor
n 293/FRT cells, native 293/FRT cells were transiently transfected

ith MC2R or MRAP� alone or with both MC2R and MRAP�. As
hown in Fig. 1A, 100 nM ACTH induced a time-dependent increase

n p44/p42mapk phosphorylation only when both MC2R and MRAP�

ere cotransfected in the same cells. Similarly, in cells stably
xpressing MC2R and MRAP� the maximal effect was observed
fter 5 min, followed by a rapid decrease and a sustained lower
lateau (Fig. 1B and C). The effect of ACTH was abolished by the

ig. 4. Influence of internalization and recycling inhibitors on p44/p42mapk phosphorylat
Arr2, Arr3) or dominant-negative arrestin2 or arrestin3 (Arr2-DN, Arr3-DN), p44/p42m

ollowing 100 nM ACTH stimulation for the indicated time periods. (B) Densitometric ana
xperiments. (C) Cells were stimulated with 100 nM ACTH in the absence or in the presen
ndosome recycling inhibitor); p44/p42mapk phosphorylation and total p44/p42mapk were
n (C). Data represent the mean ± S.E.M. of 3 different experiments. (E) Cyclic AMP accu
esults represent the mean ± S.E.M. of 3 different experiments. ***p < 0.001, **p < 0.01 and
docrinology 336 (2011) 31–40 35

MEK inhibitor PD98059 (20 �M) (Fig. 1B, right). The effect was
concentration-dependent, with an EC50 value observed at 5.9 [1.6,
211] pM (Fig. 1D and E). Similar results were obtained in human
fasciculata cells, where ACTH also induced a huge increase in
p44/p42mapk phosphorylation after a 5-min incubation (Fig. 1F).

Using identical experimental conditions, ACTH also induced a
time-dependent and sustained increase in p38 MAPK. The maxi-
mal effect was observed after 5 min and was sustained for 45 min
(Fig. 2A and D). A plateau reached at a concentration of 0.1 nM,
with a smaller increase compared to p44/p42mapk phosphorylation
(Fig. 2B and E). In these cells, ACTH did not stimulate JNK (Fig. 2C–E).

3.2. Mechanisms involved in ACTH-induced p44/p42mapk
phosphorylation

Since the most significant effect of ACTH on MAPK activity
was observed on p44/p42mapk, the following experiments were
aimed at understanding the underlying mechanisms involved in

ion. (A) In 293/FRT/Myc-MC2R/MRAP�-Flag cells overexpressing either wild-type
apk phosphorylation and total p44/p42mapk were measured by Western blotting

lysis of the results illustrated in (A). Data represent the mean ± S.E.M. of 3 different
ce of 10 �g/ml brefeldin A (BFA) (a Golgi-disrupting agent) or 25 �M monensin (an
measured as aforementioned. (D) Densitometric analysis of the results illustrated

mulation induced by 100 nM ACTH alone or in the presence of BFA or monensin.
*p < 0.05, statistical significance compared with control cells.
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his action. Experiments were conducted at the peak of activation
5 min) and at the plateau (15 min) phase, using various tools. A
ransient p44/p42mapk phosphorylation is generally linked to phos-
hoinositide breakdown and subsequent diacylglycerol/protein
inase C signaling, which in turn activates the Ras/Raf-1 cas-
ade, whereas a sustained activation is rather linked to cAMP/PKA
r Epac/PKA and to the Rap1/B-Raf signaling cassette (Stork and
chmitt, 2002). As shown in Fig. 3A, incubation with 1 �M PMA
phorbol 12-myristate 13-acetate), a general activator of pro-
ein kinase C mimicking diacylglycerol and used as control for

easuring the ability of the cells to stimulate MEK, increased
44/p42mapk phosphorylation. In addition, a 5-min incubation with
0 �M forskolin, a direct activator of adenylyl cyclases, induced
smaller increase in p44/p42mapk phosphorylation, as well as a

maller increase in cAMP accumulation, as compared to 100 nM
CTH; PMA on the other hand had no effect on cAMP accumulation

Fig. 3B).
The subcellular distribution of activated p44/p42mapk is impor-

ant in defining its function, whereby proliferation is generally
ssociated with localization in the nucleus and tissue functional-
ty with localization in the cytoplasm (Schaeffer and Weber, 1999;
ouyssegur et al., 2002; Stork and Schmitt, 2002; May and Hill,
008). The subcellular distribution of phosphorylated p44/p42mapk

as therefore monitored by confocal microscopy. As shown in
ig. 3C and D, after a 5 min incubation, ACTH induced an increase
n phosphorylated p44/p42mapk fluorescence in the cytoplasm in
oth 293/FRT/Myc-MC2R/MRAP�-Flag cells and human fascicu-
ata cells, which was also accompanied by a lower increase in the
ucleus. This increase was transient and no longer observed at
5 min of ACTH stimulation. PMA, in similar experimental condi-
ions, induced a massive increase both in the cytoplasm and in the
ucleus (Fig. 3C and D).

ig. 5. Influence of H89 on p44/p42mapk phosphorylation and on cAMP accumulation.
or the indicated time periods in the absence or in the presence of 100 nM ACTH an
F109203X (a general inhibitor of protein kinase C). (B) Human adrenal fasciculata cel
nce of 100 nM ACTH and 10 �M H89 (inhibitor of PKA); cells stimulated with ACTH
ere measured as aforementioned. (C) Densitometry analysis of H89 effects illustrated

tatistical significance compared with control cells. (D) Cyclic AMP accumulation induce
esults are representative of 3 independent experiments.
docrinology 336 (2011) 31–40

In a previous study, we had shown that MC2R and arrestins
colocalized and interacted during ACTH-induced internalization
(Kilianova et al., 2006, unpublished data). Since arrestins (arrestin2,
also called �-arrestin1 and arrestin3, also called �-arrestin2) are
often found to be mediators of GPCR signaling to the MAPK
pathways (Lefkowitz and Shenoy, 2005), we next examined
whether arrestin overexpression could modulate ACTH-induced
p44/p42mapk phosphorylation. Neither the overexpression of wild-
type �-arrestins, arrestin2, arrestin3 or their respective dominant
negative forms, arrestin2-DN and arrestin3-DN, affected the pro-
file of p44/p42mapk phosphorylation (Fig. 4A and B). On the other
hand, preincubation with the recycling inhibitors brefeldin A (BFA)
and monensin reduced ACTH-induced p44/p42mapk phosphoryla-
tion (Fig. 4C and D). These results indicate that arrestin-coupled
internalization is not involved in p44/p42mapk phosphorylation by
ACTH. To verify whether there was a correlation between cAMP
accumulation and p44/p42mapk phosphorylation, cAMP produc-
tion was measured in cells preincubated with brefeldin A (BFA)
and monensin. As shown in Fig. 4E, both inhibitors significantly
reduced cAMP levels, as observed with p44/p42mapk phosphoryla-
tion, thus corroborating the correlation between these two events
(cAMP accumulation and p44/p42mapk activation).

To verify whether p44/p42mapk phosphorylation may be depen-
dent on the cAMP pathway, both 293/FRT/MC2R/MRAP� and
human fasciculata cells were stimulated with 100 nM ACTH alone
or in the presence of 10 �M H89, added 30 min prior to ACTH
stimulation. At this concentration, H89 is generally considered

as a specific inhibitor of PKA (Tremblay et al., 1991; Baig et al.,
2001; Kilianova et al., 2006; Liu et al., 2008; Aumo et al., 2010).
In the presence of H89, p44/p42mapk phosphorylation was signifi-
cantly reduced in both cell types, while, under the same conditions,
GF109203X, an inhibitor of PKC, had no effect on ACTH response

(A) Two-day cultured 293/FRT/Myc-MC2R/MRAP�-Flag cells (A) were stimulated
d in the absence or in the presence of 10 �M H89 (inhibitor of PKA) or 10 �M
ls in primary culture were stimulated for the indicated time periods in the pres-
alone are shown in Fig. 1F; p44/p42mapk phosphorylation and total p44/p42mapk

in (A). Data represent the mean ± S.E.M. of 3 different experiments. ***p < 0.001,
d by 100 nM ACTH alone or in the presence of 10 �M H89 or 10 �M GF109203X.
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Fig. 6. Influence of various cAMP-dependent inhibitors and activators on p44/p42mapk phosphorylation. (A) In two-day cultured 293/FRT/Myc-MC2R/MRAP�-Flag cells,
p44/p42mapk phosphorylation and total p44/p42 were measured by Western blotting following 100 nM ACTH stimulation conducted for 5 min in the absence or in the
presence of H89 (10 �M) (inhibitor of PKA), PKI(6–22) (a cAMP-dependent PKA inhibitor) (4 �M), Rp-cAMPS (adenosine-3-5-cyclic monophosphorothioate, Rp isomer)
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50 �M) (which competitively inhibits cAMP activation of PKA), Sp-cAMPS (50 �
elective Epac1/2 activator) and PD98059 (20 �M) (a MEK inhibitor). (B) Densitomet
ccumulation induced by 100 nM ACTH alone or in the presence of the drugs indica
n triplicate.

Fig. 5A–C). These results thereby indicate the participation of
AMP-dependent PKA in ACTH response. In similar experimental
onditions, these drugs did not modify cAMP accumulation by ACTH
Fig. 5D).

Other more specific inhibitors of cAMP-dependent protein
inase A were also used to gain a better understanding of
he involvement of this particular pathway, namely PKI(6–22)
4 �M), Rp-cAMPS (adenosine-3-5-cyclic monophosphorothioate,
p isomer) (50 �M) (which competitively inhibits cAMP activa-
ion of PKA), as well as its inactive form, Sp-cAMPS (50 �M)
nd pCPT-2′-O-Me-cAMP (a selective Epac1/2 activator) (Liu et
l., 2008). As shown in Fig. 6A, alone, the various compounds

mapk
ad either no effect or only a small effect on p44/p42
hosphorylation. However, after a 30 min preincubation, before
ddition of ACTH, the cAMP-dependent PKA inhibitor PKI(6–22)
nd Rp-cAMPS decreased the ACTH response by 50%, while,
n similar conditions, PD98059 abrogated the ACTH effect. Fur-
e inactive form of Rp-cAMPS), 8-pCPT-2 -O-Me-cAMP (100 �M) (8pCT-cAMP) (a
lysis of independent experiments, one being illustrated in panel (A). (C) Cyclic AMP
ove. Results are representative of 2 or 3 independent experiments, each conducted

thermore, Sp-cAMPS (50 �M) or CPT-2′-O-Me-cAMP, did not
stimulate p44/p42mapk phosphorylation and did not affect the
ACTH response. On the other hand, none of these agents affected
basal or ACTH-induced cAMP stimulation (Fig. 6E). Together, these
results indicate ACTH binding to MC2R. MC2R stimulates PKA-
dependent p44/p42mapk phosphorylation, although cAMP itself had
no effect.

4. Discussion

As previously described in Y1 adrenocortical cells (Lotfi et al.,
1997; Le and Schimmer, 2001) in H295R cells (Janes et al., 2008)

and more recently in MC2R-transfected Chinese hamster ovary
cells (Sebag and Hinkle, 2010), our results show that ACTH induces
a rapid increase in p44/p42mapk phosphorylation while also pro-
moting a lower, but sustained and concentration-dependent p38
MAPK phosphorylation. The JNK pathway, on the other hand,
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Fig. 7. Schematic representation to the potential pathways involved in p44/p42mapk

activation by the ACTH receptor, MC2R. Results obtained herein, using various
tools, indicate that in 293/FRT/Myc-MC2R/MRAP�-Flag cells, ACTH stimulated
p44/p42mapk and p38 MAPK, but not JNK phosphorylation. The mechanisms impli-
cated in p44/p42mapk activation involved downstream effectors of cAMP, PKA.
Furthermore, drugs which inhibit MC2R recycling (endosome and Golgi transport)
decreased both cAMP and ERK activation, suggesting correlation between the two
events. On the other hand, �-arrestin-coupled internalization was not involved in
p44/p42mapk phosphorylation. Finally, p44/p42mapk activation by ACTH was more
intense than that obtained with various drugs stimulating cAMP directly, thus indi-
cating that interaction of ACTH with its MC2 receptor mobilizes scaffold proteins
which could participate in the activation of PKA and Epac. Tools used to investigate
the various pathways were as follows: (1) for the cAMP-PKA-dependent path-
ways: forskolin, a direct activator of adenylyl cyclases; H89, an inhibitor of protein
kinase A (PKA), which competes with ATP for its binding site on PKA; PKI(6–22), a
highly specific inhibitor of cAMP-dependent PKA; Rp-cAMPS (adenosine-3-5-cyclic
monophosphorothioate, Rp isomer) which competitively inhibits cAMP activation
8 S. Roy et al. / Molecular and Cell

as not stimulated under these same conditions. These findings
ndicate that p44/p42mapk activation by MC2R is promoted by a

echanism that is independent from interaction with arrestins,
ut rather dependent, at least partly, on ACTH-induced cAMP
roduction.

Because native 293/FRT cells transfected with either MC2R
r MRAP� alone did not show significant levels of p42/p44mapk

hosphorylation after ACTH stimulation, our results demonstrate
hat ACTH-induced p42/p44mapk phosphorylation requires a func-
ional ACTH receptor expressed at the plasma membrane (i.e.

C2R + MRAP�) in order to bind ACTH with high affinity (Roy
t al., 2007). A number of arguments suggest that activation of
44/p42mapk by ACTH is partly mediated by cAMP-dependent pro-
esses, rather than from MC2R internalization. Firstly, neither the
verexpression of the wild-type �-arrestin, arrestin2, arrestin3
r their respective dominant negative forms, arrestin2-DN and
rrestin3-DN, affected the profile of p44/p42mapk phosphorylation.
his result strongly suggests that p44/p42mapk phosphorylation
s not arrestin-mediated. Secondly, drugs used to inhibit recep-
or recycling (brefeldin A and monensin) conversely reduced
44/p42mapk phosphorylation, with a concomitant decrease in
AMP production. Similar results have also been reported for H295R
ells (Janes et al., 2008). In addition, the present results show that
orskolin induced only a small increase in p44/p42mapk while the
AMP-dependent PKA inhibitors (H89, PKI(6–22)) failed to com-
letely abolish p44/p42mapk phosphorylation. These results suggest
hat cAMP participates, but does not reproduce p44/p42mapk acti-
ation by ACTH. Furthermore, the selective Epac1/2 activator,
-pCPT-2′-O-Me-cAMP, did not modify the effect of ACTH, thereby

ndicating that Epac1/2 did not contribute in the MEK1 signaling
assette. Altogether, stimulation of p44/p42mapk phosphorylation
y ACTH thus appears to be linked mainly to stimulation of the
AMP/PKA pathway.

The massive accumulation of phosphorylated p44/p42mapk

bserved herein in the cytoplasm supports the view that local-
zation of p44/p42mapk in the cytoplasm may be associated with
ellular differentiation as well as various cell functions, such as
roliferation, migration, hypertrophy (Houslay and Kolch, 2000;
ouyssegur et al., 2002) or steroid biosynthesis (Poderoso et al.,
008). Indeed, we have previously shown that both p44/p42mapk

nd p38 MAPK are required for increasing protein synthesis and
ell hypertrophy (Otis et al., 2005). Cyclic AMP-mediated steroid
iosynthesis in MA10 Leydig cells requires the phosphorylation
f the steroidogenic acute regulatory protein (StAR) by p42/p44
nd PKA (Poderoso et al., 2008). The smaller increase of phos-
horylated p44/p42mapk in the nucleus may be associated with

ncreased expression of transcription factors necessary for sup-
orting functionality, rather than to initiate proliferation (Marshall,
995; Pouyssegur et al., 2002), a notion further supported by
he observation that the transient increase in the nucleus is gen-
rally associated with activation, not inhibition, of proliferation
Marshall, 1995; Pouyssegur et al., 2002; May and Hill, 2008).
inally, our results demonstrate that signaling following ACTH
inding to its receptor is more efficient in increasing p44/p42mapk

hosphorylation than forskolin or cAMP analogs. Such observa-
ions are not surprising, since it is well known that ACTH action

ay result from a variety of interactions, in particular with extra-
ellular matrix, integrins and cytoskeleton (Côté et al., 1997; Otis
t al., 2007; Sewer and Li, 2008), all of which can initiate various
outes of p44/p42mapk activation. Alternatively, ACTH-mediated
AMP production may occur in subplasmalemmal microdomains

Szaszak et al., 2008) where cAMP, PKA and p44/p42mapk activi-
ies may be compartmentalized instead of rising globally by the
road-range action of forskolin and cAMP analogs. Thus, regard-

ess of the mechanisms at play, and despite the fact that ACTH is
ell known for inhibiting adrenocortical cell proliferation and DNA
of PKA, but not Epac; Sp-cAMPS, a potent and specific activator of cAMP-dependent
protein kinases. (2) For the endocytosis pathway: monensin and brefeldin A (BFA)
are recycling inhibitors; (3) PD98059, an inhibitor of MEK1/2; SP600125, a JNK
inhibitor; and SB203580, an inhibitor of the p38 pathway.

synthesis in vitro (Ramachandran and Suyama, 1975; Duperray
and Chambaz, 1980; Hornsby, 1985), it is also well established
that hypophysectomy decreases the volume of zona fasciculata
(Cater and Stack-Dunne, 1953), whereas ACTH treatment increases
the overall volume of the cortex (Mazzocchi et al., 1986). These
animal studies indicating a trophic role of ACTH have been fur-
ther corroborated in humans by the observation that patients with
homozygous defects of the ACTH receptor (called melanocortin 2
receptor, MC2R) exhibit a very atrophic zona fasciculata and retic-
ularis (for review see Clark and Weber, 1998).
In conclusion, as summarized in Fig. 7, results of the present
study indicate that in 293/FRT/Myc-MC2R/MRAP�-Flag cells as
well as in human fasciculata cells, ACTH stimulates p44/p42mapk

phosphorylation and that PKA is mainly involved in this activa-
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ion. Furthermore, drugs which inhibit the endosome and Golgi
rafficking decrease both cAMP and ERK activation, suggesting a
orrelation between these two events. Such findings further sup-
ort not only a key role for cAMP in mediating ACTH responses, but
lso other initial interacting proteins, which remain to be identified.
everal proteins could be proposed to participate in the activa-
ion of PKA by MC2R, such as cytoskeleton- or integrins-associated
caffold proteins (Sewer and Waterman, 2003).

Finally, the cell model used herein, which fully reproduces
uman fasciculata cells in terms of cAMP production and ERK acti-
ation by ACTH, thus appears appropriate for gaining insight in our
nderstanding of the precise inner workings of ACTH after binding
o MC2R. Since proliferation, migration, hypertrophy and differen-
iation are all controlled by both cAMP and p44/p42mapk, and are
mportant for adrenal organization and function, understanding the

echanisms of ACTH action following binding to its MC2 receptor,
s well as through its main second messenger cAMP, represent an
mportant challenge which certainly warrants further clarification.
evertheless, from all the studies conducted to date, it appears that

he potency and duration of cAMP accumulation are the key factors
n explaining the differences in p44/p42mapk responses to ACTH.
hus, all of the mechanisms likely modulating cAMP levels also
ikely modulate p44/p42mapk activation and function. This is per-
aps why the absence of mutations in MC2R (review in Clark and
eber, 1998) or the absence of the key markers of zona glomeru-

osa (Lee et al., 2005) or zona fasciculata (Mullins et al., 2009) affect
ot only steroidogenesis, but also the structural organization of the
land.
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