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Abstract

Calcitonin gene-related peptide is a 37-amino-acid neuropeptide and a potent vasodilator. Although calcitonin gene-related peptide has
been shown to have a number of effects in a variety of systems, the mechanisms of action and the intracellular signaling pathways,

Ž .especially the regulation of mitogen-activated protien kinase MAPK pathway, is not known. In the present study we investigated the
Ž .role of calcitonin gene-related peptide in the regulation of MAPKs in human embryonic kidney HEK 293 cells stably transfected with a

recombinant porcine calcitonin gene-related peptide-1 receptor. Calcitonin gene-related peptide caused a significant dose-dependent
Ž .increase in cAMP response and the effect was inhibited by calcitonin gene-related peptide 8–37 , the calcitonin gene-related

peptide-receptor antagonist. Calcitonin gene-related peptide also caused a time- and concentration-dependent increase in extracellular
Ž . Ž .signal-regulated kinase ERK and P38 mitogen-activated protein kinase P38 MAPK activities, with apparently no significant change in
Ž .cjun-N-terminal kinase JNK activity. Forskolin, a direct activator of adenylyl cyclase also stimulated ERK and P38 activities in these

cells suggesting the invovement of cAMP in this process. Calcitonin gene-related peptide-stimulated ERK and P38 MAPK activities were
Ž .inhibited significantly by calcitonin gene-related peptide receptor antagonist, calcitonin gene-related peptide- 8–37 suggesting the

involvement of calcitonin gene-related peptide-1 receptor. Preincubation of the cells with the cAMP-dependent protein kinase inhibitor,
w� w ŽŽ . . x 4xH89 N- 2- p-bromocinnamyl amino ethyl -5-isoquinolinesulfonamide, hydrochloride inhibited calcitonin gene-related peptide-media-

�w Žted activation of ERK and p38 kinases. On the other hand, preincubation of the cells with wortmannin 1S- 1a ,6ba ,9ab,11a ,
.x Ž . Ž . w x w x11bb -11- acetyloxy -1,6b,7,8,9a,10,11,11b-octahydro-1- methoxymethyl -9a,11b-dimethyl-3H-furo 4,3,2-de indeno 4,5-h -2-benzo-

4pyran-3,6,9-trione , a PI3-kinase inhibitor, attenuated only calcitonin gene-related peptide-induced ERK and not P38 MAPK activation.
Thus, these data suggest that activation of ERK by calcitonin gene-related peptide involves a H89-sensitive protein kinase A and a
wortmannin-sensitive PI3-kinase while activation of p38 MAPK by calcitonin gene-related peptide involves only the H89 sensitive
pathway and is independent of PI3 kinase. This also suggests that although both ERK and P38 can be activated by protein kinase A, the

Ž .distal signaling components to protein kinase A in the activation of these two kinases ERK and P38 are different. q 2000 Elsevier
Science B.V. All rights reserved.

Ž . Ž .Keywords: CGRP calcitonin gene-related peptide ; ERK extracellular signal-regulated kinase ; P38; Forskolin; HEK 293 cell

1. Introduction

Ž .Mitogen-activated protein kinases MAPK’s are pro-
line directed serinerthreonine kinases that are activated in
response to a variety of extracellular stimuli. There are five
distinct groups of MAPK’s in mammalian cells. At pre-
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sent, the best characterized are extracellular signal-regu-
Ž . Ž .lated kinase ERK , c-Jun N-terminal kinase JNK and

Ž . ŽP38 mitogen-activated protein kinase P38 MAPK De-
.nhardt, 1996 . Activation of growth factor receptors, G-

protein-coupled receptors, inflammatory cytokine receptors
and induction of stress by ultraviolet light or high osmolar-
ity have been shown to activate one or more of these
MAPK pathways resulting in varied biological responses
including cell proliferation, cell death, matrix production,
secretion etc. Each of these pathways prototypically con-
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Ž .sists of a small G-protein e.g., ras activating a mitogen-
Ž .activated protein kinase kinase kinase MAPKKK or

Ž .MEKK e.g., raf . Activated MEKK phosphorylates a mi-
Ž .togen-activated protein kinase kinase MAPKK or MEK

Ž .e.g., MEK1r2 and activates it. MEK is a dual function
kinase that can phosphorylate threonine and tyrosine
residues. When activated, MEK phosphorylates and acti-

Ž . Žvates a MAPK e.g., ERK, JNK, P38 MAPK Denhardt,
.1996; Neary, 1997; Robinson and Cobb, 1997 . Activation

of MAPK plays important roles in integrating the effects
of extracellular signals on multiple cellular functions, in-
cluding differentiation, proliferation and transformation.

Calcitonin gene-related peptide is a neuropeptide with
diverse biological effects including potent vasodilator ac-

Žtivity DeFeudis, 1992; Poyner, 1995; Brain and Cam-
.bridge, 1996 . The receptor for calcitonin gene-related

peptide has been cloned from various species including
Ž .human, rat and pig Wimalawansa, 1996 . The receptor

displays 7 transmembrane domains and shows significant
homology with a subfamily of G-protein-coupled receptors
that includes calcitonin, vasoactive intestinal peptide, se-
cretin, glucagon and corticotropin releasing factor. Mes-
senger RNA encoding the calcitonin gene-related peptide
receptor is expressed in relatively high levels in human

Ž .heart and lung Wimalawansa, 1996 . Expression of the
recombinant calcitonin gene-related peptide receptor in

Ž .stably transfected human embryonic kidney HEK 293
cells has enabled study of their ligand-stimulated signal
transduction. Like other receptors of this family, the re-
combinant calcitonin gene-related peptide receptor was

Žshown to be capable of activating adenylyl cyclase Aiyar
. 2qet al., 1996 , as well as rapid increase of intracellular Ca

Žthrough the activation of phospholipase C Aiyar et al.,
.1999 . The purpose of this study was to delineate the

signaling events downstream of cAMP in 293 cells by
calcitonin gene-related peptide. Here we show that the
recombinant calcitonin gene-related peptide receptor ex-
pressed in HEK-293 cells respond to calcitonin gene-re-
lated peptide stimulation with increased ERK and P38
activity and that this effect is mediated by the calcitonin
gene-related peptide type 1 receptor in a cAMP-dependent
manner.

2. Materials and methods

2.1. Materials

ŽHuman calcitonin gene-related peptide a ha-calcitonin
.gene-related peptide and human a-calcitonin gene-related

Ž . Ž Ž ..peptide- 8–37 ha-calcitonin gene-related peptide- 8–37
Žwere purchased from Bachem Biochemicals King of Prus-

. Ž .sia, PA . Myelin basic protein, from Sigma St. Louis .
Polyclonal anti-ERK2, anti-P38 MAPK and anti-JNK1
antibodies were purchased from Santa Cruz laboratories

Ž .Santa Cruz, CA . GST-cJUN was purchased from Alexis
Ž .Biochemicals San Diego, CA . DMEM, fetal bovine

Žserum, penicillin and streptomycin were from Gibco Grand
.Island, NY . All other reagents were of high quality avail-

able.

2.2. Cell culture

HEK-293 cells, stably transfected with the porcine cal-
Žcitonin gene-related peptide receptor cDNA HEK-293-

.PR , were maintained in minimum essential medium
Ž .MEM supplemented with 10% fetal calf serum in Falcon

ŽT-150 flasks at 378C in 95% air–5% CO2 Aiyar et al.,
.1996 .

2.3. cAMP assays

HEK 293 cells stably expressing porcine calcitonin
gene-related peptide receptor-1 were plated at 2.5=103

cellsrwell in six-well plates. On day 4, the medium was
aspirated and the cells were washed with 1 ml of Dul-
becco’s phosphate-buffered saline containing 0.5 mM
isobutylmethylxanthine for 10 min at room temperature.
The cells were treated with various concentrations of
calcitonin gene-related peptide or the antagonist at 378C
for 10 min. The reaction was stopped by addition of 100
ml of 100% ice-cold trichloroacetic acid to each well, and
cAMP in each well was measured following the radioim-

Ž .munoassay protocol as described Advanced Magnetics .
Each experiment was performed in triplicate and repeated
two to three times with different passages of cells.

2.4. Kinase assays

Cells were plated in p100 plates and were serum starved
overnight on reaching confluency. The agonist solutions
were prepared in the growth media without serum. Cells
were treated with the agonists for the indicated time points.

ŽThe cell lysates were prepared as described Bogoyevitch
.et al., 1995; Li et al., 1995 . In the meantime specific

Ž .antibodies 10 mgrreaction were incubated with protein
Ž .A agarose Gibco for 30 min at room temperature. After

normalizing for protein concentration, the cell lysates were
incubated with the specific antibody agarose conjugate for
2 h at 48C with constant shaking. The kinase assays were
done after washing the immunoprecipitate three times with

ŽHNTG 20 mM HEPES pH 7.5, 150 mM NaCl, 0.1%
.Triton X-100, 10% glycerol buffer and two times with

Žkinase buffer 50 mM Tris–HCl, 100 mM NaCl, 10 mM
.MnCl and 0.1 mM sodium ortho vanadate . The func-2

tional assay was done in the presence of 50 mM ATP, 5
ŽmCi 32P-ATP, 10 mg of specific substrate myelin basic

protein for ERK and P38 MAPK, and glutathione S-trans-
.ferase-c-jun for JNK , and the immunoprecipitate. The

reactions were performed at 308C for 15 min and then
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stopped with sodium dodecyl sulphate buffer. The samples
were electrophoresed in 12% polyacrylamide gel with
proper molecular weight standards. The gels were dried
and subjected to phosphoimager plates. The bands were
quantitated using imagequant program. Results are ex-
pressed as percent change from the basal of the relative
densitometric units or phosphoimager units. The specificity
of the antibodies and the immunoprecipitation protocols
were tested for their respective kinases by Western blot
analysis in our preliminary experiments.

3. Results

3.1. Effect of calcitonin gene-related peptide on cAMP
leÕels in HEK 293 cells stably transfected with recombi-
nant porcine calcitonin gene-related peptide-1 receptor

The threshold, half-maximal, and maximal concentra-
tions of calcitonin gene-related peptide required to stimu-
late cAMP accumulation in these cells were 0.1, 0.9, and

Ž .10 nM, respectively. calcitonin gene-related peptide- 8–37
at 300 nM effectively shifted the calcitonin gene-related
peptide dose–response curve to the right in a parallel

Ž .manner indicating competitive inhibition Fig. 1 .

3.2. Effect of calcitonin gene-related peptide on ERK and
P38 MAPK

Calcitonin gene-related peptide at 100 nM caused a
time-dependent increase in ERK2 and P38 MAPK activi-
ties without any change in JNK1 activity in HEK 293 cells
stably transfected with recombinant porcine calcitonin
gene-related peptide-1 receptor. ERK2 and P38 activities
remained elevated at 15 min after calcitonin gene-related
peptide treatment, and came back to basal levels by 60 min

Ž .of treatment Fig. 2 . Because calcitonin gene-related pep-

Fig. 1. Concentration-dependent effect of calcitonin gene-related peptide
Ž . Ž .CGRP dark squares on cAMP response in HEK 293 cells stably

Žexpressing porcine calcitonin gene-related peptide-1 receptor CGRP-1
. Ž . Ž . Ž .receptor . CGRP- 8–37 dark triangles at 300 nM significantly shifted

the curve to the right. Experiments were done in triplicates. A representa-
tive experiment is shown and each point represents the mean"S.E. of the
triplicate from one experiment. Experiments were repeated at least three
times.

Fig. 2. Representative autoradiograms showing the effect of calcitonin
Ž . Ž . Ž . Ž .gene-related peptide CGRP on a ERK2, b JNK1, and c P38 MAPK

activity at 15, 30 and 60 min of treatment in HEK 293 cells expressing
CGRP-1 receptor. The kinase activities were measured with the specific
kinases, which were immunoprecipitated using specific antibodies, in the

Ž .presence of myelin basic protein MBP for ERK and P38, and cJun for
JNK as substrates. The degree of phosphorylation of the substrate by the
immunoprecipitated kinase indicates the degree of activity of the respec-
tive kinases. The experiment was repeated at least two more times.

tide did not affect JNK1 activity within the time frame
tested even with 100 nM calcitonin gene-related peptide,
further studies were done only for calcitonin gene-related
peptide-activated ERK2 and P38 MAPK. Calcitonin gene-
related peptide also caused a concentration-dependent in-

Ž .crease in ERK2 and P38 MAPK activities Fig. 3 . The
maximum stimulation of ERK2 activity was 176.4"59.8%
over basal, which was obtained with 10 nM calcitonin
gene-related peptide, whereas the maximum stimulation of
P38 was about 97.3"27% over basal. To determine
whether calcitonin gene-related peptide-stimulated ERK2
and p38 activities in HEK-293 cells is mediated via calci-
tonin gene-related peptide receptor, the effect of calcitonin
gene-related peptide receptor antagonist was tested. Pre-
treatment of the cells with calcitonin gene-related peptide-

Fig. 3. Representative autoradiograms showing the effect of different
Ž . Ž .concentrations of calcitonin gene-related peptide CGRP on a ERK2

Ž .and b P38 MAPK activity in HEK 293 cells expressing CGRP-1
receptor. Kinase activities were done as in Materials and Methods. The
experiment was repeated at least three times.
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Ž . Ž . Ž Ž .Fig. 4. a Effect of calcitonin gene-related peptide- 8–37 CGRP- 8–37 ,
the CGRP1 receptor antagonist on CGRP-stimulated ERK and P38

Žactivities in HEK 293 cells expressing CGRP-1 receptor results are
.mean"S.E from three independent experiments . A representative auto-

Ž . Ž .radiogram is shown in b for ERK activity and in c for P38 activity. By
itself the antagonist did not have any effect on the basal kinase activities.

Ž . Ž .8–37 300 nM significantly blocked calcitonin gene-re-
Ž .lated peptide-mediated ERK2 and p38 activation Fig. 4

suggesting that calcitonin gene-related peptide activation
of ERK2 and p38 are mediated via calcitonin gene-related
peptide type1 receptor. To further elucidate the mecha-
nisms involved in calcitonin gene-related peptide-mediated
ERK2 and p38 activation, cells were treated with different
pharmacological inhibitors. As observed for endogenously
expressed calcitonin gene-related peptide receptors, recom-
binant calcitonin gene-related peptide receptor in 293 HEK
cells is also coupled to the activation of adenylyl cyclase

Ž .through G protein Aiyar et al., 1996 . In order to identifys

the involvement of cAMP in calcitonin gene-related pep-
tide-mediated activation of ERK2 and p38 MAPK, we
employed forskolin which is capable of increasing cAMP
levels in these cells. Forskolin is a direct activator of
adenylate cyclase and increases cAMP to very high levels

Žin 293 HEK cells. Forskolin increased ERK2 7.2"2.9-
. Žfold over basal and P38 MAPK 2.1"0.4-fold over

. Ž .basal activities significantly above basal levels Fig. 5 ,
suggesting that cAMP-mediated pathway can lead to the

Ž .activation of ERK2 and P38 MAPK Fig. 5 in HEK 293
cells stably transfected with a recombinant calcitonin
gene-related peptide receptor.

3.3. Effect of H89 and wortmannin on calcitonin gene-re-
lated peptide-stimulated ERK and P38 MAPK actiÕities

In order to identify some of the proximal signaling
molecules of calcitonin gene-related peptide-mediated
ERK2 and P38 MAPK activation and also to study the
mechanism of activation of these two kinases, we have
used some selective tools such as a protein kinase-A

w� w ŽŽ . . xinhibitor H89 N- 2- p-bromocinnamyl amino ethyl -5-
4x Žisoquinolinesulfonamide, hydrochloride Daaka et al.,

.1997 . cAMP-dependent protein kinase is activated by
cAMP via a G -coupled calcitonin gene-related peptide 1s

receptor. The use of this inhibitor was essentially to under-
stand the role, if any, of cAMP-dependent protein kinase
molecules in calcitonin gene-related peptide-stimulated
ERK and P38. H89 at 20 mM inhibited both calcitonin
gene-related peptide-stimulated ERK2 and P38 MAPK

Ž .activity, at least partially Fig 6 . Furthermore, we also
�w Žtested for the presence of a wortmannin 1S- 1a ,6ba ,

.x Ž .ab,11a ,11bb -11- acetyloxy -1,6b,7,8,9a,10,11,11b-octa-
Ž . wydro -1- methoxymethyl -9a, 11b -dimethyl - 3H - furo 4,3,

x w x 42-de indeno 4,5-h -2-benzopyran-3,6,9-trione -sensitive ki-
Ž .nase possibly PI3 kinase in the signaling cascade stimu-

lated by calcitonin gene-related peptide, since PI3 kinase
activation has been shown to be involved in some of the
G-protein-coupled receptor-mediated signaling pathways

Žand biological responses Rane et al., 1997; Yamauchi et
.al., 1997; Gutkind, 1998; Lopez-Ilasaca et al., 1998 .

Ž . Ž .Fig. 5. a Effect of forskolin 10 mM on ERK2 and p38 MAPK
Žactivities in HEK 293 cells Results are mean"S.E from 3 independent

. Ž .experiments . A representative autoradiogram is shown in b for ERK
Ž .activity and c for p38 MAPK activity, indicated by the degree of

Ž .phosphorylation of myelin basic protein MBP by the immunoprecipi-
tated kinases.
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Ž . Ž . ŽFig. 6. a Effect of H89 protein kinase A inhibitor results are
. Žmean"S.E from three independent experiments , and wortmannin phos-

. Žphatidyl inositol 3-kinase inhibitor results are mean"S.E from four
.independent experiments on CGRP-stimulated ERK and p38 MAPK

activities in HEK293 cells stably expressing CGRP-1 receptor. The
inhibitors by themselves did not affect the basal activities at the concen-

Ž .tration used. A representative autoradiogram is shown in b indicating
Ž .the ERK activity, and c indicating p38 MAPK activity, shown by the

degree of phosphorylation of MBP by the immunoprecipitated ERK and
Ž . Ž . Žp38 respectively. b a, Basal; b and c, CGRP 10 nM ; d, CGRPqH89 2

. Ž . Ž . Ž .mM ; e, CGRPqH89 20 mM ; f, CGRPqwortmannin 2 mM . c a,
Ž . Ž . ŽBasal; b, CGRP 10 nM ; c, CGRPqH89 2 mM ; d, CGRPqH89 20

. Ž .mM ; e, CGRPqwortmannin 2 mM .

Wortmannin inhibited only the ERK activity while it did
not affect P38 activity stimulated by calcitonin gene-re-

Ž .lated peptide Fig. 6 . The results with the above inhibitors
indicate that ERK2 and P38 have different proximal sig-
naling components, probably distal to cAMP-dependent
protein kinase activation.

4. Discussion

Although the second messenger system of calcitonin
gene-related peptide receptor stimulation has been charac-
terized quite well, the distal signaling components beyond
the second messenger generation is not currently known.
Understanding the different signaling components that reg-
ulate different biological responses in cells will help us
target signaling pathways for drug development. Thus,
examining the signaling systems stimulated by calcitonin
gene-related peptide will give us better understanding of
the complexity of actions calcitonin gene-related peptide.
Moreover by examining the different signaling pathways
and delineating them for example, one can selectively

target one biological response of calcitonin gene-related
peptide and not the other.

Calcitonin gene-related peptide acts through a G -cou-s

pled receptor in HEK 293 cells transfected stably with a
recombinant porcine calcitonin gene-related peptide1 re-

Žceptor resulting in the activation of adenylyl cyclase Aiyar
.et al., 1996 . Here we show for the first time that, calci-

tonin gene-related peptide causes a time- and concentra-
tion-dependent increase in ERK2 and P38 MAPK activi-
ties in HEK 293 cells. The fact that calcitonin gene-related

Ž .peptide- 8–37 inhibited both these activities indicates that
these responses are mediated through the recombinant
calcitonin gene-related peptide-1 receptor. Surprisingly
both these kinase activities were also elevated by forskolin,
a direct activator of adenylate cyclase. These results indi-

Ž .cate that elevation of cAMP by forskolin can increase
ERK2 and P38 MAPK activities individually. Although
H89, a potent protein kinase-A inhibitor inhibited calci-
tonin gene-related peptide-stimulated ERK and P38 activi-
ties in these cells, it does not preclude the involvement of
protein kinase-A-independent signaling components, such
as Ca2q and G-bg subunits.

Activation of MAPK pathways by G-protein coupled
receptor is complicated because of the diversity in proxi-
mal signaling components involved. In HEK 293 cells,
activation of b-adrenoceptor was shown to result in pro-
tein kinase-A-mediated phosphorylation of G -coupled b-s

adrenoceptor resulting in decreased receptor-coupling effi-
ciency to G , and increased coupling efficiency to Gi. Thes

bg subunit of the Gi was then shown to actually be
involved in the phosphorylation of MAPK through a series
of signaling molecules. Activation of MAPK phosphoryla-
tion by b-adrenoceptor was also shown to be pertussis-toxin
sensitive further supporting the notion that Gi was in-

Ž .volved Daaka et al., 1997, Zou et al., 1999 . In the present
study, calcitonin gene-related peptide-stimulated increase
in ERK or P38 is not mediated through a switching
mechanism to Gi because pertussis toxin did not affect
calcitonin gene-related peptide-stimulated ERK or P38

Ž .MAPK activity data not shown . In HEK 293 cells,
activation of P38 MAPK by m2 muscarinic receptor was

Žalso found to be mediated via G-bg subunits Yamauchi et
.al., 1997 . In that study transfection with as did not affect

P38 MAPK activity while transfection with aq and bg

subunits resulted in the activation of P38 MAPK. In our
preparations, forskolin a direct activator of adenylate cy-
clase by itself was able to stimulate P38 MAPK activity.

Ž .Recently in SK-N-MC cells human neuroblastoma ,
dopamine was shown to elevate JNK and P38 MAPK

Ž .through a cAMP-dependent pathway Zhen et al., 1998 .
Our present results using H89, a potent protein kinase-A
inhibitor indicates that calcitonin gene-related peptide-
stimulated ERK and P38 MAPK activities are at least
partly dependent on the activation of cAMP-dependent
protein kinase. Although there is not enough evidence in
the literature on the mechanism of protein kinase-A-depen-
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dent activation of P38 MAPK, protein kinase-A-mediated
activation of P38 MAPK via phosphorylation of glial

Žmaturation factor has been reported Lim and Zaheer,
.1996 .

To identify the proximal signaling components of ERK
and P38 activation by calcitonin gene-related peptide, we
have used wortmannin, selective inhibitor that inhibits PI3
kinase specifically. Wortmannin is a fungal metabolite and

Ž .a potent inhibitor of PI3 kinase Ferby et al., 1994 . The
results of our experiments using this inhibitor on calcitonin
gene-related peptide-stimulated ERK and P38 activities
indicates that the two pathways are differentially regulated.
That is, ERK activation is dependent on a wortmannin-sen-
sitive kinase whereas P38 activation is not dependent on
wortmannin, suggesting different pathways for ERK and
P38 activation, possibly downstream of protein kinase A.

The differential regulation of MAPK pathways by calci-
tonin gene-related peptide that we see in our study leads to
a number of questions. Calcitonin gene-related peptide has
been shown to have a variety of biological effects
Ž .Wimalawansa, 1996 . Whether these different effects are
mediated via these specific signaling pathways would be
the focus of future studies. Delineating these pathways in
terms of the biological response will help us selectively
target these pathways for therapy.

Ž .Durham and Russo 1998 recently showed that the
activation of the enhancer for calcitonin gene-related pep-
tide is under the control of mitogen-activated protein ki-
nase pathway. If calcitonin gene-related peptide is able to
activate this pathway in cell types where calcitonin gene-
related peptide gene transcription is important, it could
result in a positive feed back role by calcitonin gene-re-
lated itself. Furthermore, it would also be interesting to see
if calcitonin gene-related peptide-induced apoptosis in car-
diomyocytes or thymocytes involves P38 MAPK activa-

Ž .tion Sakuta et al., 1996 .
Thus, we show for the first time that calcitonin gene-re-

lated peptide causes a time- and concentration-dependent
increase in ERK and P38 activities through the recombi-
nant porcine calcitonin gene-related peptide-1 receptor in
HEK 293 cells. Our results also indicate that while calci-
tonin gene-related peptide-stimulated ERK and P38 activi-
ties are at least partly through activation of protein kinase-
A, only calcitonin gene-related peptide-stimulated ERK
activity is sensitive to wortmannin. P38 MAPK activated
by calcitonin gene-related peptide in 293 cells is not
sensitive to wortmannin. Future studies will focus on the
implications of calcitonin gene-related peptide-mediated
activation of ERK and P38 and further define the regula-
tory components that mediate their activation and the
biological responses involved.
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